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REMARKS 

Claims 1, 2, 5 and 1 1-17 are pending with claims 11-17 being withdrawn. The 
amendments to the claims are supported in the specification as follows: claim 1 : (canceled 
claims 4 and 9); claim 2: (canceled claim 9); and claim 5: (canceled claim 9). No new matter 
has been added. 

Specification 

The disclosure is objected to because it contains an embedded hyperlink and/or 
other form of browser-executable code. (Office Action p.3) 

The hyperlink has been deleted making this objection now moot. 

Claim Objections 

Claim 1 is objected to because of the following informalities: Claim 1 contains 
parentheses in lines 4 and 5. (Office Action, Page 4) 

The parentheses in claim 1 have been deleted making this rejection now moot. 

Regarding claim 3, the phrase "or the like" renders the claim(s) indefinite because 
the claim(s) include(s) elements not actually disclosed (those encompassed by "or the 
like"), thereby rendering the scope of the claim(s) unascertainable. (Office Action, Page 4) 

Claim 3 has been canceled making this rejection now moot. 

Claims 4-8 recites the limitation "the pathological condition" in the 2nd line of 
each claim. There is insufficient antecedent basis for this limitation in the claim; claim 1 
(from which claims 4-8 depend) does not contain reference to "a pathological condition." 

(Office Action, Page 4) 

Claims 4 and 6-8 have been canceled making this rejection moot with respect to these 
claims. The phrase "the pathologic condition" has been removed from claim 5 and the phrase 
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"pathologic conditions" has been added to claim 1, thus making this rejection moot with respect 
to claim 5. 

Claims 1-10 are rejected under 35 U.S.C. 112, first paragraph, because the 
specification, while being enabling for a transgenic mouse model for human arthritis whose 
a genome comprises a foreign DNA consisting of MHC class II transactivator gene, under 
the control of a type II collagen promoter wherein said mouse, does not reasonably provide 
enablement for the broad genus of transgenic animals having genetic mutations as 
described in claim 1. (Office Action, Page 5) 

Claims 1, 2 and 5 have been amended to recite a transgenic mouse or rat and the 
remaining claims have been canceled. In view of the teachings in the instant specification and 
the state of the art, a person skilled in the art can make the invention set forth in the amended 
claims without undue experimentation. 

The present invention is based on the finding that by carrying out gene modification so 
that the CIITA gene is expressed by the effect of a type II collagen promoter, a model animal 
that well represents pathologic conditions of human rheumatoid arthritis can be produced is 
obtained (see [0005]). The function of this gene is well recognized (see [0008]). A person 
skilled in the art would appreciate that not completeness of the sequence but the function of the 
gene is essential to the invention. The function as a master switch for controlling an expression 
of this gene is well recognized in the art (see enclosed Annu. Rev. Immunol, 2001, 19:331-73 
and Eur. J. Immunology, 34, 1513-1525, 2004). The function is encoded by the active region 
which is also well recognized in the art (see Cell, 109, S21-S33, 2002 and International 
Immunology, 13, 951-958, 2001). 

Both of type II collagen promoter and MHC class II transactivator gene are highly 
conserved beyond differences of species. Thus, it is logical to understand that these two play the 
same roles in a mouse and a rat and the technical feature of the present invention which employs 
the combination of these two elements brings the same result, namely the production of an 
excellent animal model for human arthritis. This is supported by the fact that a number of past 
studies have proved that in most cases the same genetic modifications bring the same results in a 
mouse and a rat. Thus, predictability of success in a rat is very high. 
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As a result, an art skilled person can make the invention set forth in the amended claims 
without undue experimentation. It is respectfully requested that the rejection be reconsidered 
and withdrawn. 

Claims 1-2 are rejected under 35 USC 103(a) as being unpatentable over Fabre et 
al. (W098/15626) in view of Osaki et al. (Biochemical Journal. 11 September 2002; 1-34). 

(Office Action p. 16) 

As will be shown below, the combination of the elements are not disclosed nor suggested 
by the combination of Fabre in view of Osaki. Further the combination of the prior art would 
not at all suggest the unexpected results of the claimed invention. 

In general, predictability in this art is low. Unless any findings supported by actual 
experiments, even the skilful artisan cannot foresee the result of any combination. The present 
inventors employ the combination of type II collagen promoter and MHC class II transactivator 
gene to express this gene in cartilage. Whether or not the genetic modification using the 
combination would bring success in producing a desired animal model was unpredictable. 
Actually, forced expression of MHC class II transactivator gene alone did not show any 
phenotype similar to human rheumatoid arthritis spontaneously. Surprisingly, the transgenic 
mouse showed pathologic conditions of human rheumatoid arthritis by the induction using a 
very small amount of type II collagen such as 0.01 mg to 0.05 mg. Namely, it was revealed that 
the transgenic mouse acquired a high susceptibility to a foreign antigen. In an H-2 q haplotype 
mouse that has been conventionally used as a model animal of human rheumatoid arthritis, such 
a small dose amount of the type II collagen cannot induce the pathologic conditions of human 
rheumatoid arthritis satisfactorily. The present invention would never be achieved without this 
unexpected result. 

The transgenic mouse or rat of the invention shows excellent features in comparison with 
conventional animal models as described in the specification. Relevant portions are quoted 
(emphasis added): 

In other words, the TG animal of the present invention has higher sensitivity 
showing the pathologic conditions of human rheumatoid arthritis than the H-2 q 
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haplotype mouse that has been conventionally used as a model animal of human 
rheumatoid arthritis. [0097] 

As a result, in general CIA, in several days after the secondary immunization is 
carried out, strong redness and swelling are observed. While in the transgenic 
mouse, redness and swelling in the extremities have been observed for several 
weeks or more (FIG. 2). [0157] 

When about two months had passed, the swelling in the extremities progressed 
further. Although some individuals showed slight remission, basically bone 
destruction progresses, so that disorders such as bone deformity were observed 
finally (FIG. 6). [0158] 

In a conventional CIA method, at the fifth week following the immunization, the 
change of the bone density was observed, and large change was not shown 
thereafter. On the other hand, in the transgenic mouse, not only the progress of 
inflammation but also the change in the bone density progresses gradually. 
[0159] 

For example, primary lesion of the respiratory organ, vasculitis, reduction of red 
blood cell count, which are caused by rheumatism, are confirmed. [0160] 

The combination of references do not at all suggest the unexpected result of such a small dose 
amount of the type II collagen. Thus it the combination of references fails to create a prima 
facie conclusion of obviousness teaching the invention as now claimed. 

If this showing is not enough, PNAS, September 26, 2006, vol.103, no.39, 14465-14470 
is attached. FIG. 1 A and the description on p. 14466, left column lines 4-9 support the 
unexpected nature of the result explained above. 

Based upon this showing, it is respectfully requested that the rejection be reconsidered 
and withdrawn. 
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Claims 1-10 are rejected under 35 USC 103(a) as being unpatentable over Harton et 
al. (Molecular and Cellular Biology, Sept. 2000; 20(17):6185-6194) in view of Lindqvist et 
al. (Trends in Genetics. 2002; S7-S13) and further in view of Otten et al. (Journal of 
Immunology. 2003; 170: 1150-1157). (Office Action p.19) 

It is admitted in the rejection that Harton, Lindqvist and Otten do not teach a transgenic 
non-human mammal comprising CIITA operably linked to collage II promoter. For the reasons 
above with respect to remaining claims 1, 2 and 5, the combination of references fails to suggest 
the unexpected results achieved by the invention as now claimed. Therefore, there is no obvious 
predictability, as asserted by the rejection, created by the combination of the three references 
with respect to the claimed invention. Thus it is respectfully requested that the rejection be 
reconsidered and withdrawn. 

In view of the above amendment, applicant believes the pending application is in 
condition for allowance. The Director is hereby authorized to charge any deficiency in the fees 
filed, asserted to be filed or which should have been filed herewith (or with any paper hereafter 
filed in this application by this firm) to our Deposit Account No. 04-1 105. 

Dated: April 30, 2009 Respectfully submitted, 
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■ Abstract The bare lymphocyte syndrome (BLS) is a hereditary immunodefi- 
ciency resulting from the absence of major histocompatibility complex class II (MHCII) 
expression. Considering the central role of MHCII molecules in the development and 
activation of CD4" r T cells, it is not surprising that the immune system of the patients is 
severely impaired. BLS is the prototype of a "disease of gene regulation.' 1 The affected 
genes encode RFX AN K, RFX5, RFXAP, and CIITA, four regulatory factors that are 
highly specific and essential for MHCII genes. The first three are subunits of RFX, 
a trimeric complex that binds to all MHCII promoters. CIITA is a non-DNA-binding 
coactivator that functions as the master control factor for MHCII expression. The study 
of RFX and CIITA has made major contributions to our comprehension of the molec- 
ular mechanisms controlling MHCII genes and has made this system into a textbook 
model for the regulation of gene expression. 



PREAMBLE: BLS as a Unique Model System 

Major histocompatibility complex class II (MHCII) deficiency (official WHO 
nomenclature) is frequently also referred to as the bare lymphocyte syndrome 
(BLS). It is a rare form of inherited immunodeficiency having an autosomal reces- 
sive mode of inheritance. The disease is characterized by the lack of expression of 
MHCII molecules, which leads to severe immunodeficiency, recurrent infections, 
and frequently to death in early childhood (1-5). BLS exhibits several remarkable 
and unique features that have fascinated geneticists, immunologists, and specialists 
in the regulation of gene expression. 

From the point of view of medical genetics, BLS is of special interest for at 
least three reasons. First, the genes implicated in the phenotypic manifestation 
of the disease, namely the family of MHCII genes on chromosome 6, are in fact 
intact. The genes that are mutated in BLS are distinct from the MHCII genes 
themselves and are located on different chromosomes (Figure 1). Mutations in 
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MHC class II expression 



Figure 1 The bare lymphocyte syndrome (BLS) is a disease of MHCII gene regulation. 
BLS is characterized by a dissociation between the genes that are mutated in the disease (top: 
RFX5, RFXAP, CUTA and RFXANK on chromosomes 1. 13, 16 and 19, respectively) and 
the genes whose lack of expression accounts for the observed phenotype {bottom, MHCII 
genes on chromosome 6). 

any one of these non-MHC genes are responsible for the lack of MHCII expres- 
sion. This dissociation between the genes that are defective in the disease and 
those that are implicated in the observed phenotype is highly unusual (Figure 1). 
Second, although BLS is a monogenic disease in which a single defective gene 
is responsible for the entire clinical picture, and although the disease is clini- 
cally homogeneous, it can result from mutations in any one of four distinct genes 
(Figure 1 ). Curiously, a genetic defect in each of these four genes leads to the same 
clinical syndrome. This genetic heterogeneity associated with clinical homogene- 
ity is also unusual. Thirdly, BLS represents the prototype of a "disease of gene 
regulation." The affected genes encode four frans-acting regulatory factors that are 
essential and highly specific for the control of MHCII gene expression (Figure 1). 
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It is evident that the last point explains the aforementioned distinction between the 
genetic defects and their phenotypic manifestations. 

From the point of view of the control of the immune response, as well as of the 
regulation of gene expression in general, elucidation of BLS at the molecular level 
has led to numerous seminal findings. First, it is fair to say that the discovery of 
the four regulatory genes implicated in BLS has represented a major contribution 
to what we know today about the molecular basis of the regulation of MHCII 
gene expression. Given the tight and complex nature of this regulation, and its 
central role in the control of the immune response, the contribution of BLS to 
immunology has been remarkable. Second, identification of the four regulatory 
genes affected in BLS has provided us with a unique example of four transcription 
factors that are both essential and specific for the control of MHCII expression. 
This also represents a rather unusual situation because most transcription factors 
exhibit functional redundancy with other factors and/or exert pleiotropic effects 
via their control over numerous unrelated target genes. Finally, dissection of the 
mechanisms by which the four regulatory factors affected in BLS exert their control 
over MHCII genes has provided us with a texbook model for the regulation of gene 
expression. In particular, it has emphasized the essential role of protein-protein 
interactions in transcriptional control and the importance of cooperativity as a 
means for generating specificity. 

The first part of this review covers BLS as a disease, discusses its molecular 
basis, and summarizes the discovery, between 1993 and 1998, of the four affected 
regulatory genes and the transacting factors that they encode. The second part deals 
with the contribution that the discovery of these four transactivators has made to 
our current understanding of the mechanisms regulating the expression of MHCII 
genes. 

INTRODUCTION: Function and Regulation 
of MHCII Expression 

MHCII molecules are heterodimeric (af/3) transmembrane glycoproteins. In hu- 
mans there are three MHCII isotypes— HLA-DR, HLA-DQ, and HLA-DP— each 
of which is composed of a distinct pair of a and j6 chains. The genes encoding 
the a and /3 chains of HLA-DR, HLA-DQ, and HLA-DP are clustered in the D 
region of the MHC on the short arm of chromosome 6 (6). MHCII molecules 
are specialized for the presentation of peptides to the antigen receptor (TCR) of 
CD4+ T helper cells. Engagement of MHCII-peptide complexes by the TCR of 
CD4+ T cells is a key event in the development, activation, and regulation of 
the adaptive immune system. First, the recognition of MHCII-peptide complexes 
on epithelial cells and bone marrow-derived cells in the thymus is central to the 
positive and negative selection processes that sculpt the TCR repertoire of the 
CD4 + T cell population (7). Second, the priming, propagation, and regulation 
of antigen-specific immune responses by CD4 + T cells requires the interaction 
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of their TCR with MHCII-peptide complexes displayed on antigen presenting 
cells (APC) (8). These APC are specialized for the MHCII-mediated presenta- 
tion of peptides derived from the internalization and processing of exogenous 
protein antigens. Finally, the life span of CD4 4 " T cells in the periphery is influ- 
enced by interactions with cells expressing MHCII molecules (7). Given these 
key functions of MHCII molecules, it is not surprising that defects in their ex- 
pression have severe immunopathological consequences. The inability to express 
MHCII molecules leads to a severely crippled immune system that is incapable of 
responding adequately to foreign antigens (1-5). In contrast, aberrant or inappro- 
priate MHCII expression has been incriminated in certain CD4"^ T cell-mediated 
autoimmune diseases (9). These two points emphasize the importance of correctly 
regulated MHCII expression for the control of the immune response in health and 
disease. For nearly two decades, a detailed elucidation of the molecular mecha- 
nisms that regulate MHCII expression has therefore represented a major challenge 
in molecular immunology. 

Constitutive MHCII expression is generally restricted to a small number of cells 
of the immune system (4, 10-13). These include primarily bone marrow-derived 
APCs, namely dendritic cells (DCs), B cells, and cells of the monocyte/macrophage 
lineage. MHCII expression is also characteristic of epithelial cells in the thymus. 
Finally, in humans, activated T cells express MHCII. Constitutive expression in all 
three APC lineages is regulated as a function of developmental stage. Maturation 
of DCs is accompanied by an increase in cell surface MHCII expression. Acti- 
vation of macrophages by stimuli such as interferon gamma (IFNy) also leads to 
enhanced MHCII expression. In contrast, MHCII expression is extinguished upon 
differentiation of B cells into plasma cells. 

The majority of non-bone marrow-derived cell types generally do not express 
MHCII molecules. However, MHCII expression can be induced in these cells by a 
variety of stimuli, of which IFNy is most potent and well known. IFNy-induced 
MHCII expression can be further modulated by a diverse array of other influences. 
For example, TGF/J, IFN0, TNFa, EL-1, infection by a variety of pathogens, and 
certain drugs can attenuate or block the induction of MHCII expression by IFNy. 

Both constitutive and IFNy-induced MHCII expression are controlled primar- 
ily at the level of transcription by a highly conserved regulatory region situated 
within the first 1 50 base pairs upstream of the transcription initiation site (4, 10-1 3). 
This promoter proximal regulatory region consists of four as-acting elements re- 
ferred to as the S (also called W or Z), X, X2, and Y boxes. These four elements are 
highly conserved in their sequence, orientation, order, and spacing relative to each 
other, and they function together as a single composite MHCII regulatory mod- 
ule (4, 1 1-13). The same architecture is evident in the promoters of all MHCII 
genes from every species that has been examined. A similar arrangement has also 
been conserved in the promoter regions of the MHCII-related //, HIA-DM, and 
HLA-DO genes (14-19), which code for proteins implicated in the intracellular 
traffic and peptide loading of MHCII molecules (20-22). Finally, it has recently 
also been appreciated that a region resembling the MHCII regulatory module 
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contributes, albeit to a lesser extent, to expression of the MHC class I (MHCI) and 
fi2 microglobulin (B2M) genes (23-27). 

With the aim of dissecting the molecular mechanisms regulating transcription 
of MHCII genes, a considerable amount of effort has been devoted to the identifi- 
cation of transcription factors that bind to the MHCII regulatory module. Over 20 
different nuclear factors capable of binding in vitro to the S, X, X2, and Y boxes 
were identified and/or cloned (4, 10-13). This complexity led to considerable 
confusion and controversy regarding the functional relevance and importance of 
all these MHCII promoter-binding factors. Distinguishing the factors that control 
transcription of MHCII genes from those that are functionally irrelevant repre- 
sented a formidable task. This problem was solved to a large extent by a genetic 
approach. This genetic approach relied on the elucidation of the molecular defects 
underlying the absence of MHCII expression in the bare lymphocyte syndrome 
(BLS). Isolation of the genes that are defective in BLS has led to the unequivocal 
identification of CIITA and the multiprotein RFX complex, two key regulatory 
factors that activate transcription of the genes encoding the MHCII, HLA-DM, 
HLA-DCX Ii, and MHCI molecules (28-34). 



PART 1: MHCII Deficiency or the Bare 
Lymphocyte Syndrome 

Clinical Manifestations and Pathology 

Patients suffering from a primary immunodeficiency syndrome characterized by 
a defect in MHC expression were first reported in the late 1970s and early 1980s 
(35-40). Curiously, the term BLS (41) was initially used to describe a reduced 
level of MHCI molecules in patients in which MHCII expression was not exam- 
ined. Since then, a constant and profound defect in MHCII expression has been 
recognized as the major cause of the syndrome, and the disease was thus formally 
named MHCII deficiency by the World Health Organization (42). However, the 
term BLS is still widely used as a synonym for MHCII deficiency. The disease has 
been assigned the MIM (Mendelian Inheritance in Man) number 209920. 

BLS is a rare autosomal recessive disease. Fewer than 80 patients coming from 
about 60 unrelated families have been formally reported worldwide. As expected 
for a rare inherited disease, there is a high incidence of consanguinity in the affected 
families (43). A majority of the affected families are from North Africa, but Turkey 
and Spain are also well represented (1,3, 43). 

The lack of expression of MHCII antigens results in a severe defect in both cel- 
lular and humoral immunity, and the patients thus exhibit an extreme vulnerability 
to infections (1-3, 5). This includes viral, bacterial, and fungal as well as protozoal 
infections. Clinical manifestations typical of BLS include mainly recurrent infec- 
tions of the gastrointestinal tract, pneumonitis, and bronchitis. Severe septicemia 
is also common. Multiple infectious agents are responsible for the infections. 
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Pseudomonas and Salmonella, as well as cytomegalovirus, are found frequently. 
Major clinical findings resulting from bacterial infections of the gastrointestinal 
tract are protracted diarrhea, malabsorption, and failure to thrive. Infections start 
within the first year of life, and there is a dramatic progression of various types 
of infectious complications, generally leading to death before the age of 10. All 
of the clinical manifestations of the disease are related to infections and presum- 
ably result from the lack of MHCII expression. From a clinical point of view, no 
distinction has been made between BLS patients belonging to the four genetic 
complementation groups (see below). The most common clinical manifestations 
of BLS are summarized in Table 1. A more detailed presentation of the clinical 
picture of BLS can be found elsewhere (1-3, 5). 

Laboratory Findings and Immunological Features 

The most striking and constant immunological feature of BLS is the absence of 
cellular and humoral immune responses to foreign antigens (1-3, 5). Interestingly, 
all of the immunological features and anomalies recognized in BLS patients can be 
accounted for by the lack of MHCII expression and by its consequences in terms 
of antigen presentation. Surprisingly, the immunological anomalies exhibited by 
BLS patients, including their laboratory parameters, are notoriously variable from 
patient to patient. However, as observed for the clinical manifestations, no corre- 
lation has been recognized with the four distinct genetic groups of patients defined 
by the individual regulatory genes that are affected (see below). 

Detailed accounts of the immunological features and laboratory findings typical 
of BLS have been published previously (1-3, 5). Patients are unable to mount 
T cell-mediated immune responses in vivo, and their T cells are not activated 
in vitro by antigens to which the patients have been exposed. Humoral immune 
responses are also severely affected: Hypogammaglobulinemia is characteristic, 
and antibody responses to immunizations and infections are reduced or absent 
(Table 1). The total numbers of circulating T and B lymphocytes is normal, but 
the number of CD4 + T lymphocytes is reduced (Table 1). The severity of this 
reduction varies from patient to patient. The remaining CD4" 1 " T lymphocytes 
do not exhibit major abnormalities in their TCR repertoire, and they seem to be 
functionally normal as judged by alloreactivity and responses to mitogens. Their 
physiological responses to MHCII mediated antigen presentation have however 
not been studied thoroughly. The presence of a significant number of residual 
CD4+ T lymphocytes in patients that fail to express MHCII molecules remains 
an interesting paradox. Residual expression of MHCII molecules in the thymus, 
although not clearly documented, or alternative pathways for positive selection of 
CD4 + T cells, have been mentioned as possible explanations (see below). 

Abnormal Expression of MHCII Genes 

Since the initial descriptions of the disease, understanding the cause of BLS has 
represented a challenge for immunologists interested in the crucial role of MHCII 
and of its remarkably tight regulation in the control of the immune response. 
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TABLE I Clinical manifestations and immunological features of BLS 



Clinical manifestations 


Fraction of patients 1 


Repeated severe infections 


47/47 


Protracted diarrhea 


45/47 


Lower respiratory tract infections 


40/47 


Failure to thrive 


34/47 


Severe viral infections 


27/47 


Upper respiratory infections 


24/47 


jViUwUvUlailCOUo CaUUlUiuSla 


10/4/ 


Progressive liver disease 


8/47 


Cryptosporidiosis 


8/47 


Autoimmune cytopenia 


4/47 


Sclerosing cholangitis 


5/47 


Immunological findings 


Fraction of patients 1 


Complete absence of MHCIT expression: 




B ceils 


36/37 


monocytes 


31/37 


PHA activated T cells 


32/37 


Residual MHCII expression: 




monocytes 


6/37 


PHA activated T cells 


5/37 


Reduction of MHO expression: 




mononuclear cells 


23/30 


CD4-f lymphopenia 


28/3 L 


Serum immunoglobulins: 




decreased IgG 


18/22 


decreased IgM 


23/32 


decreased IgA 


25/32 


Decreased or absent antibody response to: 




immunizations 


15/16 


microbial antigens 


26/26 



'data adapted from Retth et al.. 1999 (1). 



Numerous research groups therefore turned to the study of the molecular basis 
of BLS as a way to learn more about the regulation of MHCII expression. Here 
we describe the progress that was made toward this goal in a chronological order, 
as a succession of logical experimental milestones. We are very grateful for the 
long-term collaborations between our laboratory and those who provided the BLS 
cell lines that made our studies possible, particularly the laboratories of C Griscelli 
(Paris) and M Hadam (Hanover). 
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As described in the Introduction, two distinct modes of MHCII expression are 
normally observed in healthy individuals; constitutive expression in a restricted 
number of highly specialized cells, and inducible expression in response to specific 
stimuli, particularly IFNy. In BLS, both constitutive and inducible expression of 
MHCII antigens abolished ( 1-3, 5). The lack of cell surface MHCII molecules is ev- 
ident on all professional antigen-presenting cells, including B cells, macrophages 
such as Kupfer cells in the liver, and dendritic cells such as Langerhans cells in 
the skin. Activated T cells remain MHCII negative. Moreover, cells that are not 
of bone marrow origin, such as thymic epithelial cells and endothelial cells, also 
lack MHCII molecules. Finally, cells from the patients do not express MHCII 
molecules following stimulation with IFNy. 

This general lack of cell surface MHCII expression was confirmed at the level 
of intracellular MHCII proteins (44). The next step was to show that no MHCII 
mRNA could be detected in any of the cell types and conditions studied (3, 44-46). 
It was further shown that the deficiency in expression concerned the a- and /S-chain 
genes coding for the HLA-DR, HLA-DQ, and HLA-DP molecules, implying a 
general block in the expression of all MHCII genes (3, 44-46). More recently, a 
partial block in the expression of the MHCII-related genes encoding HLA-DM, 
HLA-DO, and the Ii chain was also described (15, 47, 48). 

Occasional weak residual expression of MHCII antigens and mRNA has been 
reported in certain BLS patients (Table 1). This residual expression has been 
described both for constitutive expression in certain cell types and for inducible 
expression in response to IFNy (1-3, 5). We have not observed such a leaky 
phenotype in most of the EB V-transformed BLS B cell lines that we have studied. 
In addition to the complete extinction of MHCII expression, a relatively minor 
reduction in the level of MHCI molecules has been observed in BLS (Table 1) 
(1-3, 5). Again, this reduction in MHCI is not evident, at least at the level of cell 
surface expression, in most of the typical BLS B cell lines that we have studied. 

BLS Is a Disease of Gene Regulation Involving 
Defects in "Transacting" Factors 

The demonstration that BLS is a disease of gene regulation represented a key step 
in the elucidation of BLS. The fact that all MHCII genes were found to be silent first 
suggested that there was a general defect acting in trans on the entire gene family. 
To test this hypothesis we studied the affected families for transmission of both the 
disease phenotype and the MHC locus on chromosome 6 (3, 45). The two clearly 
did not cosegregate, indicating that the genetic defect(s) responsible for BLS re- 
side outside of the MHC. It was the merit of the late Claude de Pr£val to publish 
these findings in a 1985 Nature paper entitled "A trans-acting class II regulatory 
gene, unlinked to the MHC, controls the regulation of HLA class II expression" 
(45). This statement was formally confirmed 8 years later when we identified 
and cloned the first frans-acting gene affected in BLS (29 see below). Another 
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important confirmation of the regulatory nature of the BLS defect came from cell 
fusion experiments demonstrating that MHCII expression can be reactivated upon 
fusion of MHCII negative cells affected in two different genes (see below) 
(43, 49-51). Finally, it was subsequently shown that MHCII promoters remain 
silent in functional studies performed in BLS cells (52,53) and that nuclear ex- 
tracts from BLS cells cannot support in vitro transcription from MHCII promoters 
(54). The realization that BLS is due to defects in regulatory factors specific for 
MHCII genes suggested that elucidation of the genetic basis of BLS was likely to 
lead, beyond the scope of the disease itself, to the discovery of genes and factors 
directly involved in the important but elusive molecular mechanisms controlling 
MHCII expression. 

Genetic Heterogeneity in BLS 

The search for the genetic defects underlying BLS became even more exciting and 
challenging when it was found that the disease is genetically heterogeneous and 
that patients could be classified into four distinct complementation groups (Table 2, 
groups A to D). The conclusion that the disease is genetically heterogeneous was 
drawn from somatic cell fusion experiments performed with MHCII-negative cell 
lines derived from BLS patients (43, 49-51, 55). In certain combinations MHCII 
expression was clearly restored, indicating that the two cell lines belong to distinct 
genetic complementation groups. These studies revealed the existence of four 



TABLE 2 Genetic, biochemical and molecular heterogeneity in BLS 


BLS complementation group 


A 


B 


C 


D 


Prototypical patients 


BLS-2, BCH 


BLS-L Ra 


SJO, Ro 


DA. ABI 


Number of unrelated families 


5 


26 


5 


6 


Prototypical in vitro mutant 


RJ2.2.5 


None 


GIB 


6.1.6 


Number of in vitro mutants 


3 


None 


1 


1 


MHCII expression 


Absent 


Absent 


Absent 


Absent 


MHCII promoter activity 


Absent 


Absent 


Absent 


Absent 


Binding of RFX 


Yes 


No 


No 


No 


Promoter occupancy in vivo 


Occupied 


Bare 


Bare 


Bare 


Affected gene 


MHC2TA 


RFXANK 


RFX5 


RFXAP 


MIM number 


600005 


603200 


601863 


601861 


mRNA sequence entry 


X74301 


AF094760 


X85786 


Y12812 


Chromosomal localization 


I6pl3 


1 9p 1 2 


Iq21.1-21.3 


13ql4 


Protein 


CIITA 


RFXANK 


RFX5 


RFXAP 


Length (amino acids) 


1'130 


269 


616 


272 


Apparent molecular weight 


130 kD 


33 kD 


75 kD 


36 kD 


No. distinct mutations in BLS 


5 


7 


5 


3 
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complementation groups (43, 49-51,55). It is now known that the majority of 
patients (26 out of 42 families) belong to group B, while groups A, C, and D 
correspond respectively to 5, 5, and 6 unrelated families (Table 2) (56). In addition 
to cells from BLS patients, several in vitro-generated mutant MHCII-negative 
cell lines have also been allocated to the complementation groups. These include 
RJ2.2.5 (group A), GIB (group C), and 6. 1.6 (group D) (Table 2) (49-5 1, 57-59). 
The identification of four genetic complementation groups strongly suggested the 
existence of genetic loci corresponding to four key MHCII regulatory genes. This 
greatly strengthened the interest in the genetic and molecular basis of BLS because 
it implied that elucidation of this rare disease should lead to the discovery of four 
distinct regulatory genes that are all essential and specific for the control of MHCII 
expression. 

As mentioned earlier, none of the clinical, pathological, or immunological fea- 
tures observed in BLS patients is typical of or unique to one of the four genetic 
groups. The syndrome is therefore genetically heterogeneous but clinically and 
phenotypically homogeneous. There is, however, an interesting correlation be- 
tween individual BLS groups and the ethnic origin of the patients: Patients from 
group B are predominantly of North African origin while those from group A are 
mainly Hispanic (43). 

Atypical Form of Deficiency in MHCII Expression 

A family affected by an atypical and much less severe form of deficiency in MHCII 
expression has been described (60-62). Defective expression in the two patients 
from this family does not concern all MHCII genes equally. In B cell lines derived 
from these two patients, the HLA-DRB, HLA-DQB, and HLA-DPA genes are silent 
while the HLA-DRA, HLA-DQA, and HLA-DPB genes are expressed (62). Inter- 
estingly, the silent genes are present in one transcriptional orientation within the 
MHCII locus, whereas the active ones are found in the opposite orientation (62). 
This intriguing discordant pattern of expression remains unexplained. Impairment 
of the immune response is considerably less severe in the two atypical patients than 
in classical BLS (60, 61 ). This has been suggested to be due to the fact that the defi- 
ciency in MHCII expression does not affect all cell types to the same extent. Indeed, 
investigations of MHCII-dependent immune functions in these patients indicate 
the presence of competent MHCII positive APCs (60, 61 ). As expected from their 
unusual phenotype, the atypical patients represent a distinct medical and genetic 
entity compared to the classical BLS groups A to D (62). The molecular defect 
underlying this atypical form of immunodeficiency has not yet been elucidated. 

DNA-Binding of RFX Distinguishes Between 
Two Types of Molecular Defect in BLS 

RFX (Regulatory Factor X) is a DNA-binding protein complex first identified 
in MHCII positive B cells on the basis of its ability to bind in vitro to the X 
box of MHCII promoters (30). Binding activity of the RFX complex was studied 
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extensively with nuclear extracts prepared from various wild-type and BLS cell 
lines (30, 54, 63). It was recognized rather early that two types of BLS defects could 
be defined on the basis of the presence of the RFX complex (Table 2). Binding 
of RFX was found to be normal in wild-type cells as well as in cells from BLS 
patients in group A. On the other hand, cells from patients in groups B, C, and D 
were specifically devoid of RFX binding activity. This observation indicated that 
the genetic defects in groups B-D affect the integrity or binding activity of the 
RFX complex, while the defect in group A is independent of RFX. 

Interestingly, there is a tight correlation between the status of RFX binding 
activity in vitro and the state of occupancy of MHCII promoters in vivo (Table 2). 
This was analyzed either by mapping of DNAsel hypersensitive sites (64) or by in 
vivo footprint experiments (65, 66). BLS cells lacking a functional RFX, complex 
(groups B, C and D) exhibit a "bare" promoter phenotype in which the X, X2, and . 
Y sequences of MHCII promoters are not bound by their cognate DNA-binding 
proteins (65, 66). In contrast, wild-type cells as well as cells from BLS patients 
in group A exhibit both normal RFX binding activity in vitro and normal MHCII 
promoter occupancy in vivo (65, 66). The fact that not only the X box, but also the 
X2 and Y boxes are unoccupied in vivo in the absence of RFX, points to a crucial 
role of RFX in facilitating overall promoter occupation. It is now clear that this is 
explained by the fact that RFX entertains strong cooperative binding interactions 
with other MHCII promoter binding factors (67-71), including the Y box binding 
factor NF-Y (72) and the X2 box binding factor X2BP (67). The importance of 
these cooperative protein-protein interactions in the specificity of gene activation 
is discussed further below. 

CIITA: The Regulatory Gene and Factor 
Affected BLS Group A 

Paradoxically, although the deficiency in RFX offered an experimental approach 
toward the identification and cloning of the genes affected in BLS groups B-D, the 
first BLS gene and factor to be discovered was the one affected in group A (29). 
The strategy employed relied on the genetic complementation of RJ2.2.5, one of 
the in vitro generated cell lines classified in group A. Following transfection of 
RJ2.2.5 with a B cell cDNA library prepared in an episomal expression vector, 
plasmids capable of correcting the genetic defect were rescued from cells in which 
MHCII expression was restored. This approach led to the isolation of cDNA clones 
encoding the MHC class II transactivator CIITA (Figure 2) (29). The human gene 
(MHC2TA) encoding CIITA is localized on chromosome 16 (I6pl3) (Figure 1). 
The mouse gene (Mhc2ta) is situated in a syntenic region of mouse chromosome 
16 (V Steimle, B Mach, unpublished data). This localization is consistent with 
previous experiments demonstrating that regulatory genes present on the human 
and mouse chromosomes 16 (the AIR-1 locus) are required for expression of 
MHCII genes (73, 74). The entire intron-exon structure of the mouse Mhc2ta gene 
has been determined. It consists of 19 exons spanning 42 kb of genomic DNA 
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The non-DNA-binding coactivator CIITA 
(BLS complementation group A) 

nuclear localization 



1130 aa 



BLS-2 
BCH1 
BCH2 
ATU 
Fern 

RJ2.2.5 

Figure 2 Structure, function, and mutation of CIITA, the regulatory factor that is affected 
in BLS complementation group A. A schematic map of the CIITA protein is shown at 
the top. The three sequences constituting a GTP binding domain, the leucine-rich repeat 
domain (LRR), the acidic region (DE), and 3 segments rich in proline, serine, and threonine 
(P/S/T) are represented by grey boxes. Regions that function in activation of transcription, 
in recruitment to MHCII promoters, in nuclear localization, and as a dominant negative 
mutant are indicated. Mutations affecting the MHC2TA gene have been determined in four 
BLS patients (BLS-2, BCH, ATU, and Fern) and in the in vitro generated cell line RJ2.2.5. 
The effects of the mutations at the level of the CIITA protein are represented schematically. 

(W Reith, B Mach, unpublished data). Defects in the MHC2TA gene account 
for patients in complementation group A (Figure 2). Expression vectors encoding 
CIITA can reactivate expression of all three MHCII isotypes when transfected into 
cell lines from complementation group A (29). Wild-type levels of Ii, HLA-DMA y 
and HLA-DMB expression are also restored (47, 75). Five different mutations of 
the MHC2TA gene have been characterized in BLS patients from group A (29, 56, 
76-78). Both alleles of the MHC2TA gene are also mutated in RJ2.2.5 (29, 79). 

The Genes Encoding RFX, the DNA-Binding Complex 
Affected in BLS Groups B to D 

Purification of RFX demonstrated that it consists of three subunits having apparent 
molecular weights of 75, 36, and 33 kDa (33, 54, 80). This suggested that defects 
in the genes encoding these three subunits were likely to account for the absence 
of RFX binding activity in cells from BLS groups B, C, and D. Isolation of the 
genes encoding the three subunits of RFX confirmed this interpretation (31-34). 
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We called these genes RFXANK, RFX5, and RFXAP and demonstrated that they 
are indeed mutated in BLS complementation groups B, C, and D, respectively 
(Table 2, Figure 3) (31-33). 

RFX5: The Regulatory Gene and Factor Affected in BLS Group C RFX5, the 
gene encoding the largest (75 kDa) subunit of the RFX complex, was isolated by 
the same genetic complementation approach that led to the cloning of CIITA (32). 
Briefly, RFX5 cDN A clones were isolated by virtue of their ability to restore MHCII 
expression upon transfection into SJO, a cell line derived from a BLS patient in 
complementation group C (32). RFX5 derives its name from the fact that it is the 
fifth isolated member of a family of DNA-binding proteins capable of recognizing 
the MHCII X box (81). All members of this RFX family share a common motif 
called the RFX DNA-binding domain (Figure 3) (8 1 , 82). The human RFX5 gene is 
situated in a subcentromeric region of the long arm of chromosome 1 ( lq2 1.1 -2 1 .3) 
(83). The corresponding mouse gene maps to a syntenic region of chromosome 3 
(W Reith, unpublished data). The entire intron-exon structure of the mouse Rfx5 
gene has been determined and shown to consist of 10 exons (W Reith, unpublished 
data). Defects in RFX5 account for the existence of complementation group C 
(Figure 3). Mutations in RFX5 have been characterized in five patients from group 
C (32, 56, 83-85). A missense mutation has also been identified in GIB, an in 
vitro generated MHCII regulatory mutant (59). 

RFXAP: The Regulatory Gene and Factor Affected in BLS Group D RFXAP, 
the gene encoding the second subunit of the RFX complex was identified using 
a biochemical approach (31). To isolate RFXAP, .we purified the RFX complex, 
isolated its 36 kDa subunit, derived peptide sequences from this polypeptide, and 
then cloned the corresponding gene. The gene was called RFXAP (RFX Associated 
Protein) because it encodes a protein that interacts directly with RFX5 (31). The 
human RFXAP gene is situated on the long arm of chromosome 13 (55). The 
genomic structure of the mouse Rfxap gene has been determined and shown to 
consist of only 3 exons (W Reith, unpublished data). Defects in the RFXAP gene 
account for complementation group D (Figure 3): Three different mutations have 
been identified in six unrelated families (31,55,56,86). An in vitro generated 
mutant (6. 1 .6) has also been shown to contain mutations in RFXAP (31). 

RFXANK: The Regulatory Gene and Factor Affected in BLS Group B 
RFXANK (also called RFXB), the gene encoding the last subunit of RFX, was 
also discovered thanks to biochemical approaches relying on purification of the 
RFX complex. It was identified on the basis of peptide sequences derived from the 
smallest 33 kDa subunit of RFX. We named the gene RFXANK because it encodes 
a factor containing a protein-protein interaction domain consisting of ankyrin re- 
peats (Figure 3) (33). Subsequently, another group independently isolated the same 
gene and proposed the name RFXB (34). The human RFXANK gene consists of 
10 exons spanning .9 kb of genomic DNA and is situated on the short arm of 
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Subunits of the RFX complex 
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chromosome 19 (19pl2) (33, 34). Defects in the RFXANK gene account for pa- 
tients in complementation group B (33, 34, 87), which contains over 70% of all 
known BLS patients (Figure 3). Transfection of the RFXANK cDNA into cell lines 
from group B restores expression of all MHCU isotypes (33, 34). The RFXANK 
gene was found to be mutated in 26 unrelated patients (33, 34, 56, 87, 88). Only 
seven different mutations were identified in these patients (Figure 3). One of the 
mutations was found in 1 9 unrelated patients, indicating the existence of a founder 
effect (87). 

Therapeutic Perspectives 

Carrier Detection and Prenatal Diagnosis for BLS Prenatal diagnosis or carrier 
detection on a population-wide scale is not justified because BLS is a very rare 
disease. However, these procedures could be valuable for families in which pa- 
tients have already been identified, or when a consanguineous union is envisaged 
in a high-risk population. Thanks to the identification of the molecular defects 
underlying BLS, mutated alleles of the MHC2TA, RFXANK, RFX5, and RFXAP 
genes can now be screened for directly. This will permit healthy carriers to be iden- 
tified unambiguously and should allow the development of accurate and reliable 
procedures for prenatal diagnosis. 

Gene Therapy for BLS Bone marrow transplantation (BMT) is currently the 
only curative treatment for BLS (89). Compared to other immunodeficiency syn- 
dromes, the success rate of BMT for BLS has been rather poor (89). This does 
not appear to be a peculiar characteristic of the BLS disease. Instead, it is likely 
to be due mainly to other criteria, such as diagnosis at a late age (89, 90). Identifi- 
cation of the affected genes has raised the hope that gene therapy will represent a 
potential alternative to BMT. Introduction of the wild-type MHC2TA, RFXANK, 
RFX5, or RFXAP genes into hematopoietic stem cells of BLS patients in comple- 
mentation groups A, B, C, or D, respectively, would represent a logical therapeutic 
strategy. The Mhclta and Rfx5 knockout mice (see below) will be invaluable for 



Figure 3 Structure, function, and mutation of the RFX subunits that are affected in BLS 
complementation groups B, C f and D. Schematic maps of the RFXANK, RFX5, and RFXAP 
subunits are shown. The acidic region (DE) and ankyrin repeat domain of RFXANK. the 
DNA binding domain and proline rich segment of RFX5, and the acidic (DE), basic and 
glutamine-rich (Q) regions of RFXAP are represented as gray boxes. The regions that 
are required for complementation of BLS cells, for assembly and binding of the RFX 
complex, for cooperative binding between RFX and NF-Y, and for interaction with CIITA 
are indicated. Mutations in RFXANK, RFX5, and RFXAP have been characterized in BLS 
patients (Ra. BLS-LEBA, FZA, B23, and B25 for RFXANK; Ro, SJO. TF/EVF, OSE, and 
SSI for RFX5; ABI, DA, ZM, and Sha/ShG for RFXAP) and in two in vitro generated cell 
lines (GIB and 6.1.6). The effects of the mutations at the level of the RFXANK, RFX5, 
and RFXAP proteins are represented schematically. 
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developing gene therapy procedures for BLS. Defective selection of CD4+ T cells, 
resulting from the lack of MHCII expression on thymic epithelial cells, might be 
anticipated to represent an obstacle to gene therapy for BLS. However, the fact 
that classical BMT can cure BLS suggests that restoring MHCII expression on 
non-bone marrow-derived cells, such as thymic epithelial cells, is not absolutely 
essential. Another potential concern is that the therapeutic transgene could induce 
ectopic or abnormal levels of MHCII expression, which could have deleterious 
consequences and compromise the success of gene therapy. This will probably 
not be a major problem for RFX5, RFXANK (the largest group of patients), and 
RFXAP, which are expressed ubiquitously at nonlimiting levels in all cell types. 
On the other hand, this may represent a major dilemma in the case of CIITA 
because expression of the MHC2TA gene is tightly regulated. 

Therapeutic Modulation of MHCII Expression MHCII expression is severely 
impaired in BLS patients. The same is true for most cell types in the mouse models 
of the disease (see below). This implies that no bypass or alternative pathway can 
compensate efficiently for a deficiency in RFX or CIITA. Moreover, although there 
are indications that the specificity of RFX and CIITA is not as strict as previously 
believed (see below), the expression of MHCII genes remains the major system in 
which these transcription factors are essential. Because of these features, inhibitors 
of CIITA, RFXANK, RFXAP, and RFX5 would be anticipated to have an efficient 
and selective effect on MHCII expression. CIITA, RFXANK, RFXAP, and RFX5 
may thus represent prime targets for novel immunomodulatory drugs having wide 
applications in situations in which inhibition of MHCII expression might be de- 
sirable or beneficial, such as organ transplantation, autoimmune diseases, and 
inflammation in general. 

The immunogenicity and rejection of tumors can be enhanced by activating 
MHCII expression, alone or in combination with costimulatory molecules (91-94). 
This has raised hopes that the introduction of CIITA into tumor cells to activate 
MHCII expression might enhance tumor immunogenicity and contribute to the 
success of tumor immunotherapy. Experiments designed to address the validity 
of this approach have been initiated (95). 

Lessons from Mouse Models for BLS 

Knockout mice that reproduce the molecular defects of BLS patients in groups A 
and C have been constructed by targeting of the Mhc2ta and Rfx5 genes (96-99). 
Both of these models reproduce the major immunopathological characteristics of 
the human disease. There is a strong reduction of constitutive MHCII expression 
on professional APCs (B cells, DCs, and macrophages) and thymic epithelial cells. 
Induction of MHCII expression by IFNy is also abolished. The loss of MHCII 
expression results in a severely compromised immune system. 

The CD4+ T cell population in Mhc2ta and Rfx5 knockout mice is decreased at 
least tenfold (96-99). This strong reduction is a consequence of severely impaired 
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positive selection, which results from the loss of MHCII expression on epithelial 
cells in the thymus. Surprisingly, the reduction in CD4" T cells is considerably 
less pronounced in the human disease; CD4 4 " T cell counts are rarely reduced 
greater than two- to threefold in BLS patients (1,3). The reason for this discrepancy 
between the human and mouse phenotypes is not clear. One plausible explanation is 
that positive selection in the human disease is compromised only partially because 
low levels of residual MHCII expression are retained in the thymus. Whether or 
not this explanation is valid remains to be determined because MHCII expression 
patterns in the thymus have been examined only in a few isolated cases (100, 101). 
A second possibility is that the CD4 + T cells in BLS patients have escaped the 
normal thymic selection processes. They could for example have been selected on 
ligands other than MHCII molecules. In MHCII deficient mice, a large proportion 
of the residual CD4+ T cells are CD 1 -restricted (102). Such alternative selection 
pathways could be more prominent in BLS patients. Interestingly, an analysis of 
the T cell repertoire in BLS patients has revealed minor alterations, suggesting 
that the CD4+ T cells in these patients may indeed have been subjected to unusual 
selection mechanisms (103, 104). 

The Mhc2ta-I— and Rfx5—I- mice exhibit residual MHCII expression in cer- 
tain cell types (Table 3). This implies that there are alternative pathways for MHCII 
expression that bypass partially the strict requirement for RFX5 and/or CIITA 



TABLE 3 Cell surface MHC expression in Rfx5-/- and Mhc2ta—/~- mice 



MHCII expression 



Tissue/cell type 



RfxS-/- 



Mhc2ta-I- 



Thymic cortex 
Thymic medulla 
Naive B cells 
1L4/LPS activated B cells 
Germinal center B cells 
Macrophages - IFN-y 
Macrophages -f IFN-y 
Splenic DCs 

Bone marrow derived DCs 
Lymph node DCs 



+ (Strong) 

4- (Reduced 10 fold) 
Not determined 



+ (15% of cells) 
+ (5% of cells) 
Not determined 



+ (Weak, patchy) 



+ (Low level) 



-h (Low level) 



MHO expression 

T cells Reduced 1 0 fold Normal 

B cells Reduced 2-5 fold Normal 

IFNy induced expression Normal Normal 
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(96, 97, 99). The precise pattern of residual MHCII expression differs between 
Mhc2\a-I- and Rfx5~l- mice (Table 3). Residual MHCII expression in the 
Mhc2ta—I— mice concerns mainly a subset of thymic epithelial cells, dendritic 
cells in the paracortex of lymph nodes, and B cells in the germinal centers of 
the spleen and lymph nodes. In contrast, Rfx5—I- mice retain strong MHCII ex- 
pression on dendritic cells in the thymic medulla and significant, albeit weaker, 
expression on a fraction of splenic and bone marrow-derived dendritic cells. Low 
MHCII expression is also induced on Rfx5—/— B cells activated with LPS and/or 
IL-4. This difference in the residual expression pattern is surprising because the 
human disease is phenotypically homogeneous. Although low expression has been 
observed in cells from certain BLS patients, no distinctive residual expression pat- 
tern discriminating between patients lacking RFX5 and CIITA has been described 
(1-3). This discrepancy between the human disease and the mouse models could 
reflect species-specific differences in the function of the two MHCII regulatory 
; genes. However, it is also possible that phenotypic differences in residual MHCII 
expression exist in the human disease as well but have escaped attention because 
not enough patients have been examined in detail. 

PART 2: MOLECULAR BASIS FOR THE REGULATION 
OF MHCII EXPRESSION 

The RFX DNA-Binding Complex 

Elucidation of the molecular defects underlying BLS complementation groups B, 
C, and D demonstrated that RFX is a multimeric complex consisting of 
RFXANK, RFX5, and RFXAP, three unrelated subunits sharing no sequence ho- 
mology (Figure 3) (31-34). The stoichiometry of the three subunits within the 
RFX complex remains to be determined. Co-immunoprecipitation experiments 
performed with nuclear extracts, as well as with recombinant proteins, have indi- 
cated that the RFX complex is preassembled in solution prior to binding to DNA 
(33, 105, 106). All three subunits are essential for assembly of RFX (33, 105, 106). 
A deficiency in any one of the three subunits results in the inability to assemble a 
functional complex, which explains the absence of RFX binding activity in cells 
from complementation groups B, C, and D. It is unlikely that RFX contains addi- 
tional unidentified subunits because a complex indistinguishable from the native 
protein can be assembled in vitro from recombinant RFX5, RFXAP, and RFXANK 
(105,106), 

All three RFX subunits can be cross-linked to the DNA within the X box ex- 
acting .sequence ( 1 07). It remains unknown how RFXAP and RFXANK contribute 
to binding of RFX. On the other hand, RFX5 contains a well-known DNA binding 
domain (DBD), called the RFX domain (32, 81, 82). The RFX domain has been 
identified in a variety of DNA-binding proteins having diverse regulatory functions 
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in organisms ranging from yeast to human (81,82, 108-1 10). The structure of 
the RFX domain of one member of the RFX family (RFX1) has recently been 
determined and shown to belong to the winged helix subfamily of the helix-turn- 
helix (HTH) proteins (111). Surprisingly, the RFX1 DBD binds DNA in a fashion 
radically different from that observed for all other known HTH proteins. Instead 
of relying on a recognition helix, the RFX1 DBD makes unprecedented use of a 
0-hairpin (called the wing) to recognize its binding site (111). The amino acids 
implicated in site-specific binding of the RFX1 DBD are strongly conserved in 
RFX5, implying that the latter interacts with its X box target site in a similar 
fashion (111). 

Functionally essential domains within RFX AN K, RFX5, and RFXAP have 
been defined (Figure 3) (105, 106, 112, 113) (W Reith, unpublished data). The 
minimal essential region of RFXANK encompasses a C-terminal region containing 
a protein-protein interaction domain consisting of ankyrin repeats. This region 
is essential for assembly and binding of the RFX complex and for activation of 
MHCI1 promoters. All of the RFXANK mutations identified in BLS patients remove 
or affect the integrity of this minimal functional domain. The minimal region of 
RFX5 covers an internal segment containing the DBD and a proline rich region. 
This region is sufficient for assembly and binding of the RFX complex, cooperative 
binding with NF-Y (see below) and interaction with CIITA (see below). All of the 
RFX 5 mutations identified in BLS patients lead to deletion of the DBD and/or the 
proline rich region. In the case of RFXAP, the minimal region is restricted to a 
short C-terminal domain spanning a glutamine rich region. This region of RFXAP 
is sufficient for assembly and binding of the RFX complex and for activation of 
MHCII promoters. All of the mutations identified in BLS patients lead to the loss 
of this essential C-terminal region. 

Several interesting features within the subunits of RFX appear to be dispensable 
for function (105, 106, 1 12, 1 13) (W Reith, unpublished data). RFXAP contains an 
N-terminal acidic region and a centrally placed basic region resembling a nuclear 
localization signal. Both of these regions can be removed without significantly af- 
fecting the function of RFXAP. The N-terminus of RFXANK contains an acidic re- 
gion that has been suggested to be a PEST (proline/glutamic acid/serine/threonine) 
domain (34). PEST domains are frequently found in proteins that have short half- 
lives (1 14). Whether or not this region functions as a PEST domain remains to be 
determined. However, it is clearly not essential because it can be removed without 
eliminating the function of RFXANK. 

RFX Promotes Assembly of an MHCII 
Enhanceosome Complex 

One of the major roles of RFX is to promote stable binding of other transcription 
factors to MHCII promoters (Figure 5a). Strong evidence for this was first provided 
by DNAsel hypersensitivity studies and in vivo footprint experiments examining 
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the occupation of MHCII promoter in B cells that express or lack RFX (64-66). 
All of the critical exacting sequences of MHCII promoters are occupied by their 
cognate DNA-binding proteins in RFX-positive B cells (wild-type cells and cells 
from BLS complementation group A) (Figure 4). In RFX-deficient B cells (BLS 
complementation groups B-D), on the other hand, MHCII promoters are bare 
(Figure 4) (64-66). This defect in occupation is not restricted to the X box target 
site of RFX. Instead, the X2 and Y boxes are also unoccupied, indicating that 
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stable occupation of these sequences by their cognate DNA-binding factors is 
dependent on binding of RFX to the adjacent X box. Subsequent experiments ex- 
plained this observation by demonstrating that RFX binds cooperatively 
(67-71, 1 15) with the Y box binding protein NF-Y (72) and the X2 box bind- 
ing factor X2BP (67), which has recently been suggested to contain CREB (116) 
(Figure 5a). Cooperative binding interactions between these three proteins leads to 
the assembly of a remarkably stable higher order protein-DNA complex at MHCI1 
promoters (67-71, 115). 

In addition to enhancing stability, the cooperative interactions are also specific, 
thereby ensuring that the X, X2, and Y boxes are bound in vivo by RFX, X2BP 
(CREB), and NF-Y rather than by the multitude of other factors capable of binding 
to these sequences with comparatively low affinity in vitro. It is of particular 
relevance here that several other members of the X box binding family of proteins 
can bind to the X box in vitro, but fail to interact with X2BP or NFY, and thus fail 
to stabilize the multiprotein complex on MHCII promoters in vivo. These other X 
box binding proteins (RFX1 to RFX4) control other genes, by binding to X box 
sequences flanked by protein-binding motifs distinct from those found in MHCII 
promoters (81,82, 108-110) 

The higher order nucleoprotein complex that assembles at MHCII promoters 
has recently been coined the MHCII 'enhanceosome' (115). The requirement for 
the assembly of this enhanceosome explains the observation that the S, X, X2, and 
Y sequences function together as a single composite regulatory module in which 
correct spacing and stereospecific alignment is critical (71, 1 17, 1 18). Protein 
domains mediating cooperative binding interactions within the MHCII enhanceo- 
some have begun to be defined. A region situated immediately downstream of the 
proline-rich segment of RFX5 mediates cooperative binding between RFX and 

< _ _ . _ 

Figure 4 Molecular defects in the bare lymphocyte syndrome. A typical MHCII promoter 
containing the conserved S, X, X2, and Y sequences is depicted. The in vivo promoter 
occupancy and transcription status (+ or -) are shown for wild-type MHCII positive B 
cells and for B cells from BLS patients in complementation groups A. B, C, and D. Key 
transcription factors controlling promoter activity are indicated. RFX, X2BP. and NF-Y bind 
cooperatively to the X, X2, and Y sequences to form a highly stable nucleoprotein complex 
referred to as the MHCII enhanceosome. Proteins binding to the S box (?) remain poorly 
characterized. CIITA is a non-DNA-binding coactivator that is recruited to the promoter via 
protein-protein interactions with the DNA-binding components of enhanceosome. Proteins 
binding to the S (?), X (RFX), X2 (X2BP), and Y (NF-Y) boxes are all required for CIITA 
recruitment. CIITA activates transcription via N-terminal transcription activation domains 
(AD). The gene encoding CIITA is mutated in BLS patients in complementation group A. 
Mutations in CIITA do not affect assembly of the enhanceosome, and promoter occupation 
is consequently not modified. The genes that are defective in complementation groups B, 
C, and D, encode, respectively, the RFXANK, RFX5, and RFXAP subunits of RFX. In 
contrast to defects in CIITA, mutations in RFXANK, RFX5, or RFXAP disrupt assembly 
of the enhanceosome and thus lead to a bare promoter. 
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NF-Y (105). At the level of NF-Y, the minimal evolutionarily conserved regions 
comprising the DNA-binding domain are sufficient for cooperative binding with 
RFX (106). The regions within RFX and X2BP (CREB) that are implicated in 
their cooperative binding have not yet been mapped. 

In addition to the crucial role of the MHCII enhanceosome in enhancing the 
stability and specificity of promoter occupation, it has very recently also been 
shown that this enhanceosome constitutes a platform onto which the transcrip- 
tional coactivator CIITA is recruited via protein-protein interactions (Figures 4 
and 5, see above) (115). Association of CIITA with the MHCII enhanceosome 



(a) cooperative binding with RFX 




(b) protein-protein interactions with CIITA 



CIITA 



/VI\\\ 




TFIIB, TAF.,32, TAF„70 

(transcription initiation) 

TFIIH, p-TEFb 

(transcription elongation) 

CBP 

(chromatin remodeling) 

i — »+ 



X X2 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



BARE LYMPHOCYTE SYNDROME 353 



is mediated by synergistic contacts with multiple components of the enhanceo- 
some, including factors binding to the S, X, X2, and Y sequences (see below) 
(112,113,115,119). 

The Non-DNA-Binding Coactivator CIITA 

The gene encoding CIITA was isolated by virtue of its ability to correct the genetic 
defect in cell lines from BLS complementation group A (29). Although this genetic 
approach provided irrefutable evidence that CIITA is a crucial transactivator of 
MHCII genes, it provided frustratingly little information on how it achieves this. 
A considerable amount of effort has consequently been devoted to the elucidation 
of the mode of action of CIITA. 

Several clues concerning the mode of action of CIITA are embedded in the 
primary sequence of the protein, which exhibits four major features of interest 
(Figure 2 ). First, the N terminus of the protein contains a region rich in acidic 
amino acids. Second, downstream of this acidic region lie three segments rich 
in proline, serine, and threonine (PST). Third, there is a centrally placed GTP 
binding domain that contains three characteristic sequences, a Walker A motif 
(also known as a P-loop) involved in nucleotide binding, a magnesium binding 
site, and a sequence that is believed to confer GTP binding specificity. Finally, 
there is a leucine rich repeat (LRR)-based protein-protein interaction motif near 
the C terminus of the protein. All four features are conserved between human and 
mouse CIITA and are necessary for the ability of the protein to activate MHCII 
promoters (120-125). 

The acidic and PST regions found within the N-terminal portion of CIITA 
resemble the transcription activation domains typically found in mammalian tran- 
scription factors. Several observations support the notion that these regions of 

< ■ 

Figure 5 Mode of action of RFX and CIITA. (a) RFX participates in cooperative binding 
interactions required for promoter occupation in vivo. (Top) When bound individually, RFX, 
X2BP. and NF- Y have only low affinity (thin open arrows) for their respective X, X2, and Y 
box target sites. [Middle) Their binding affinity is strongly enhanced (thick black arrows) 
when the three proteins bind cooperatively to the same MHCII promoter fragment. (Bottom) 
In RFX-dericient BLS cells, cooperative binding is lost, and the residual low binding affinity 
of X2BP and NF-Y are not sufficient for stable promoter occupation in vivo, (b) CIITA 
is a non-DNA T binding transcriptional coactivator that functions at MHCII promoters via 
protein-protein interactions. Tethering of CIITA to MHCII and related promoters requires 
protein-protein interactions (arrows) with an as yet poorly defined S box binding protein, the 
RFXANK and RFX5 subunits of RFX, an X2 box binding protein (CREB), and the B and C 
subunits of NF-Y Once tethered to the promoter, CIITA is believed to activate transcription 
by recruiting (arrows) other factors via its N-terminal activation domains (AD). Candidate 
factors recruited by CIITA include TFTIB, TAF, ( 32, TAF„70, TFIIH, p-TEFb, and CBP. 
The putative effects of these factors on transcription initiation, elongation, and chromatin 
remodeling are indicated. 
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CIITA actually serve as bona fide transcription activation domains (Figure 2). 
First, they are essential for the ability of CIITA to activate MHCII promoters, and 
their deletion generates dominant negative mutants of CIITA (120, 121, 123, 124, 
126, 127). Second, the acidic region can function as an activation domain when it 
is grafted onto a heterologous DNA-binding protein such as GAL4 (124). Finally, 
the function of N-terminally deleted versions of CIITA can be partially rescued by 
fusing them to the activation domains of the transcription factors VP 16 and TIF 
(124,125). 

At least three different mechanisms have been put forward to explain how the 
activation domains of CIITA stimulate transcription (Figure 5b). First, CIITA 
can interact with the general transcription factors TFIIB, hTAF IT 32, and hTAF„70, 
suggesting that it promotes transcription initiation by recruiting the general tran- 
scription machinery (1 28, 129). Second, CIITA has been proposed to enhance pro- 
moter clearance or transcription elongation by interacting with TFIIH or P-TEFb 
(129, 130). Third, CIITA may facilitate chromatin remodeling by recruiting the 
histone acetyltransferase CBP (131,132). The latter mechanism could poten- 
tially explain why the accessibility of MHCII promoters to DNA-binding 
proteins is enhanced by CIITA in certain cell types (133, 134). These three mech- 
anisms are not mutually exclusive, and CIITA could well function as a scaf- 
fold for the recruitment of several factors that activate transcription at different 
levels. 

Very early on, it was recognized that CIITA does not activate transcription 
of MHCII genes by binding directly to the promoter DNA. This suggested that 
CIITA is a coactivator recruited to MHCII promoters by means of protein-protein 
interactions with one or more of the factors binding to the S, X, X2, and Y sequences 
(Figure 5b). Definitive evidence for this hypothesis has been provided only very 
recently (1 1 2, 1 13, 1 15, 1 19). Chromatin immunoprecipitation experiments have 
revealed that CIITA is indeed physically associated in vivo with MHCII promoters 
( 1 15), both several different MHCII promoters (HLA-DRA, HLA-DRB1, and HLA- 
DPB) and the promoters of the /* and HLA-DM genes ( 1 15). Furthermore, in vitro 
recruitment experiments have demonstrated that tethering of CIITA to MHCII 
promoters is mediated by multiple synergistic protein-protein interactions with 
components of the MHCII enhanceosome (Figure 5b). Factors bound to the S, X, 
X2, and Y boxes are all required for recruitment of CIITA (115). Yeast two-hybrid 
and coimmunoprecipitation experiments have shown that CIITA interacts directly 
with the RFXANK and RFX5 subunits of RFX, the B and C subunits of NF-Y, 
and CREB (Figure 5b) (1 12, 1 13, 1 19, 135). 

Domains within CIITA that interact with the DNA bound factors have begun 
to be defined. It is clear that recruitment to the MHCII enhanceosome requires the 
C-terminal moiety of CIITA (Figure 2) (115). This is consistent with the earlier 
observation that the specificity of CIITA for MHCII promoters is conferred by its 
C-terminal portion (125). Moreover, domains mediating interactions with RFX5 
and NF-YB have been mapped within this C-terminal region of CIITA (113). 
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The LRR region is also important because mutations disrupting this region in BLS 
patients reduce the CIITA-enhanceosome interaction (115). Results concerning the 
importance of the N-terminal portion of CIITA for recruitment are less coherent. 
A recent study has defined the N terminus of CIITA as being the region that 
mediates interactions with RFXANK and NF-YC (113). This is at odds with the 
observation that this region is actually dispensable for recruitment (115). In fact, 
dominant negative mutants of CIITA lacking the N-terminal activation domains 
actually bind better to the MHCII enhanceosome, suggesting that these dominant 
negative mutants are likely to function by blocking access of wild-type CIITA to 
the promoter (115). Further work will be required to reconcile these contradictory 
findings. 

Three regions within CIITA have been implicated in nuclear localization 
(Figure 2). First, the C terminus of CIITA contains a 5-amino-acid motif resem- 
bling a nuclear localization signal (NLS) (136). This NLS motif is essential for 
nuclear localization of CIITA and can direct nuclear import in a manner that is 
independent of other CIITA sequences. A 24-amino-acid deletion removing this 
NLS in the BLS patient BLS-2 aborts nuclear import of CIITA (136). A second 
sequence implicated in nuclear import is the GTP-binding motif. Binding of GTP 
appears to be required for transport of CIITA into the nucleus (137). Finally, a 
detailed mutational analysis of the LRR region has shown that it is important for 
directing CIITA to the nucleus (119). It remains to be determined whether these 
three regions are redundant and function independently of each other, or if they 
act together in a concerted fashion. Whether the nuclear-cytoplasmic distribution 
of CIITA is regulated also remains an open question. 

CIITA shares a similar architecture and a low level of sequence homology with 
a set of other proteins. All of these proteins contain a nucleotide-binding domain 
(NBD) coupled to a LRR domain situated near the C terminus (138, 139). These 
other proteins have functions very different from that of CIITA. They include 
the caspase recruitment protein Nodi and certain plant disease resistance proteins 
( 138, 1 39). Conservation of the NBD-LRR domain organization in proteins having 
very different functions is intriguing. It is tempting to speculate that the similar 
structure of these proteins reflects an as yet unknown analogy in their mode of 
action. 

CIITA Is the Master Regulator of MHCII Expression 

In contrast to the ubiquitous expression of the DNA-binding factors (including 
RFX) constituting the MHCII enhanceosome, expression of the MHC2TA gene is 
tightly regulated. In the majority of situations it is the expression of CIITA that dic- 
tates whether, and at what level, MHCII genes are expressed. The MHC2TA gene 
is therefore the master regulator of MHCII expression and hence has an essential 
immunomodulatory role. This conclusion has been firmly established by the fol- 
lowing findings. First, the analysis of a large number of human and mouse cell lines 
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and tissues has demonstrated that there is a strict correlation between MHCII and 
MHC2TA expression. Second, the majority of cell types do not express MHC2TA 
and are consequently MHCII-negative. Expression of the MHC2TA gene, and thus 
of MHCII, can be activated in such cells by stimulation with IFNy (140, 141). 
This has been demonstrated in a variety of established cell lines, including fi- 
broblasts, melanoma cells, and macrophages, and in several primary cell types 
such as mouse embryonic fibroblasts, peritoneal macrophages, microglia, and as- 
trocytes (140-148). Transfection of MHCII-negative cells with CIITA expression 
vectors is generally sufficient to induce MHCII expression (140, 141, 149, 150). 
The latter point in particular emphasizes the fact that CIITA is both essential and 
sufficient, thereby justifying the notion that it represents the master regulator of 
MHCII expression. Third, experimental modulation of MHC2TA expression using 
a tetracycline inducible system has shown that the level of MHC2TA expression 
directly determines that of MHCII expression (151). Fourth, constitutive expres- 
sion of MHCII in B cells and dendritic cells is sustained by constitutive expression 
of CIITA (29). Fifth, extinction of MHCII expression during the differentiation 
of B cells into mature plasma cells is caused by silencing of the MHC2TA gene 
(149, 152). Sixth, MHCII expression is induced upon activation of human T cells 
because the MHC2TA gene is switched on (A Muhlethaler-Mottet, B Mach, un- 
published data). Activation of mouse T cells on the other hand does not turn on 
the MHC2TA gene, and hence MHCII expression is not induced (153). Seventh, 
repression of MHCII expression in trophoblast cells is caused by inhibition of 
MHC2TA expression (154, 155). Finally, an important emerging concept is that a 
variety of pathogens have developed the ability to inhibit CIITA expression — and 
thus MHCII expression — as a strategy to evade recognition by the immune sys- 
tem. Examples include cytomegalovirus (CMV) (156, 157), varicella-zoster virus 
(VZV) (158), Mycobacterium bovis (159) and chlamydia (160). This last point 
underlines the functional importance of CIITA as an essential immunomodulator. 

Although the level of transcription of the MHC2TA gene is in the majority of 
situations the dominant factor dictating MHCII expression, other levels of reg- 
ulation have also been reported. The modulatory effects of IFN£ and TNFa on 
IFNy -induced MHCII expression act downstream of MHC2TA gene transcrip- 
tion (161-163). Moreover, weak or isotype specific MHCII expression has been 
observed in the absence of CIITA in certain mutant human cell lines (164) and 
in certain cell types in CIITA-deficient mice (Table 3) (96,97). However, these 
examples of CIITA-independent MHCII expression remain exceptions, and the 
mechanisms involved are not yet understood. 

Regulation of CIITA Expression 

The fact that the expression pattern of MHCII genes is determined primarily by 
that of CIITA has motivated substantial interest in the mechanisms controlling 
transcription of the MHC2TA gene. A large (greater than 12 kb) and complex 
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regulatory region containing several independent promoters controls transcrip- 
tion of MHC2TA (Figure 6a). Four promoters (pi, pll, pill, and pIV) have been 
identified in the human gene, three of which (pi, pill, and pIV) are also strongly 
conserved in the mouse gene (145). The usage of these promoters leads to the 
synthesis of distinct C1ITA mRNAs (types I, III, and IV) containing alternative 
first exons spliced to a shared second exon (Figure 6a) (145). The study of the 
different MHC2TA promoters has demonstrated that it is their differential activity 
that ultimately determines the complex expression pattern of MHCII genes that 
is observed in vivo (145). This has been confirmed in several biological systems 
(144-147, 162, 165-167). Different cellular and functional specificities of MHCII 
expression have thus been allocated to distinct CIITA promoters, each one having 
a specific physiological relevance (Figure 6a). 

In both humans and mice, pi is highly specific for DCs. Type I CIITA mRNA 
typically represents a preponderant fraction of the total CIITA mRNA found in 
various different DC preparations (145, 165). This is for instance the case for 
splenic and thymic DCs isolated ex vivo from the mouse, DCs derived from mouse 
bone marrow cultures and human monocyte-derived DCs (145, 165; W Reith, 
B Mach, unpublished data). However, pi is not the only promoter active in DCs; 
there is generally also a variable but significant fraction of type III CIITA mRNA 
(145; W Reith, unpublished data). Moreover, DC specificity of pi is not absolute; 
it is also used in mouse microglia and peritoneal macrophages following activation 
with IFNy (165) (JM Waldburger, W Reith, manuscript in preparation). Type I 
transcripts contain an alternative first exon that contains a translation initiation 
codon and codes for a specific 94-amino-acid N-terminal extension of CIITA 
(Figure 6a) ( 145). CIITA protein isoforms containing this type I specific extension 
are detected in DCs (W Reith, B Mach, unpublished data). 

PHI is used primarily in B cells (145, 147, 166, 167). Sequences important for 
B cell specificity of this promoter have been defined (166). It should however 
be mentioned that the B cell specificity of pill is not absolute. It is for exam- 
ple also used in certain DC preparations (145; W Reith, unpublished data). An 
lFNy-responsive enhancer has moreover been mapped upstream of pill in the 
human gene (146). Type III CIITA mRNA contains an alternative first exon 
that contains a translation initiation codon and encodes a specific 17-amino-acid 
N-terminal extension (Figure 6a) (145). CIITA protein isoforms containing this 
type III specific extension are detected in B cells (W Reith, B Mach, unpublished 
data). 

PIV is activated by IFNy in a wide variety of established cell lines and primary 
cell types, including monocytes, macrophages, microglia, astrocytes, fibroblasts, 
and endothelial cells (143-147, 168). The function of pIV has been dissected in 
considerable detail, which has permitted the complete signal transduction path- 
way from the IFNy receptor to MHCII expression to be elucidated (Figure 6b) 
(143-147, 168). IFNy— induced activation of pIV relies on three cvs-acting se- 
quences (a GAS element, an IRF binding site, and an E box) that function together 
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in synergy. The GAS and IRF sequences are bound, respectively, by STAT I and 
IRF1 (144), two transcription factors that mediate IFNy-induced gene expression 
in a variety of other systems (169-171). The relative contribution of STAT1 and 
IRF1 for pIV activation varies according to the cell type examined (146, 162). 
The E box is bound by USF1, a ubiquitously expressed transcription factor that 
binds cooperatively with STAT1 (144). Unlike the type I and III mRNAs, the type 
IV-specific exon does not contain a translation initiation codon and does therefore 
not encode an N-terminal extension (Figure 6a) (145). Translation of type IV 
CITTA mRNA is initiated at an initiation codon situated in the shared second exon 
(145), 

To further refine the analysis of pIV usage we have excised it by gene target- 
ing in mice (JM Waldburger, W Reith, manuscript in preparation). As expected, 
IFNy-induced MHCII expression in pIV— /— mice is abolished in non-bone 
marrow-derived cells, including fibroblasts, astrocytes, hepatocytes, endothelial 
cells, and epithelial cells. Surprisingly, however, the excision of pIV does not 
eliminate MHCII expression in peritoneal macrophages and microglial cells fol- 
lowing their activation with IFNy . Thus, while pIV is essential for IFNy-induced 
MHCII expression in non-bone marrow-derived cells, it is dispensable for MHCII 
expression in IFNy-activated cells of the macrophage lineage. Enhanced MHCII 
expression in IFNy- activated pIV-/— macrophages is due to the fact that pi 
is turned on in these cells. A second unexpected finding is that pIV-/- mice 
completely lack CIITA expression on epithelial cells of the thymic cortex. Since 
MHCII expression on these cells is essential for positive selection of CD4 + thy- 
mocytes (7), pIV-/- mice have very low CD4+ T cell counts. 

< ^ _ — : 

Figure 6 Expression of the MHC2TA gene, (a) Several independent promoters drive 
transcription of the MHC2TA gene. Four promoters (pi, pll, pin, pIV) have been identified 
in humans. Only three of these (pi, pffl, pIV) are conserved in the mouse. Usage of these 
promoters leads to the splicing (dashed lines) of alternative first exons to a shared second 
exon. Incorporation of exons 1 and III lead to the synthesis of type I and type III CIITA 
protein isoforms having specific N-terminal extensions of 94 and 17 amino acids, respec- 
tively. Translation of type IV CIITA is initiated at the AUG found in the shared second 
exon. The promoters exhibit different activities, pi is used primarily in human and mouse 
dendritic cells.. It is also active in activated mouse macrophages and microglia, pill is 
used mainly in B cells, but also to a variable extent in dendritic cells. pIV is essential for 
IFNy— induced expression in non-bone marrow-derived cells, as well as for expression in 
thymic epithelial cells, (b) The entire signal transduction cascade mediating the induction 
of MHCn expression by IFNy has been elucidated. Activation of Jakl and Jak2 kinases 
by interaction of IFNy with its receptor leads to the phosphorylation, dimerizatiori, and 
nuclear import of STAT1. STAT I binds cooperatively with USF-1 to a composite GAS/E 
box motif present in pIV of the MHC2TA gene. STAT 1 also activates expression of IRF-1, 
which then binds to its cognate site in pIV. Activation of pi V by STAT 1, USF-1, and IRF-1 
leads to expression of CUTA, and thus to the induction of MHCII expression. 
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Induction of MHCII Expression: A Pathway 
Affected in Multiple Situations 

pi V of the MHC2TA gene is turning out to be a privileged focal point for a growing 
number of influences that inhibit or abort MHCII expression, both under normal 
physiological situations and during the course of disease. First, a variety of cy- 
tokines known to inhibit IFNy-induced MHCII expression, including TGF/3, L-4, 
IL- 1 0, and IL- 1 /3 , have been shown to mediate their inhibitory effect by interfering 
with the induction of MHC2TA expression (142, 147, 168, 172, 173). Second, in 
trophoblast cells (154, 155) and in certain IFNy unresponsive tumors (174, 175), 
the MHC2TA gene is refractory to induction by IFNy . Third, the production of 
NO by activated macrophages inhibits IFNy- induced activation of C1ITA expres- 
sion (176). Fourth, a number of pathogens, including cytomegalovirus (CMV) 
(156, 157), varicella-zoster virus (VZV) (158), Mycobacterium bovis (159) and 
Chlamydia (160) exhibit the ability to inhibit MHCII expression by interfering with 
the activation of CIITA expression. Finally, an emerging concept is that certain 
drugs can interfere with activation of MHCII expression. For instance, it has been 
shown very recently that the lipid lowering drugs statins inhibit IFNy-induced 
CIITA expression (177). These various inhibitory effects likely converge on pIV 
of the CIITA gene, although evidence in support of this has been provided only 
for some of them (trophoblast cells, IL-1, TGF£, CMV, Chlamydia, and statins) 
(142, 146, 147, 155-157, 160, 168, 172, 173). 

So far, the molecular mechanisms underlying the inhibitory effect on activation 
of pIV by IFNy have only been addressed in certain cases. In trophoblast cells, 
the lack of IFNy inducibility of CIITA is due to methylation of pIV (155). The 
inhibition by CMV has been suggested to be due to enhanced proteasome-mediated 
degradation of Jakl, thereby limiting activation of Statl in response to IFNy 
(156). Similarly, infection with VZV is associated with reduced levels of Statl, 
Jak2, and ERF1, all of which would be expected to reduce induction of pIV (158). 
Finally, Chlamydia induces proteasome-mediated degradation of USF-1 (160), a 
ubiquitous transcription factor required for the activation of pIV (144). In addition 
to a reduction in the availability or activity of Statl , USF1, or 1RF1 , other putative 
mechanisms could also be envisaged. A plausible target would, for example, be 
the cooperative binding interaction that takes place at pIV between Statl and IRF1 
(144). 

Specificity of RFX and CIITA 

The clinical and immunological phenotypes of BLS patients in all four comple- 
mentation groups can be explained by the absence of antigen presentation via 
MHCII molecules. This has been interpreted to indicate that RFX and CIITA 
are highly specific for the expression of the MHCII genes (4). The finding that 
RFX and CIITA are also required for expression of the genes encoding li, HLA- 
DM, and HLA-DO (14-19,47) did not really challenge this specificity because 
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these proteins are involved in the intercellular traffic and peptide loading of MHCII 
molecules. However, recent evidence has implicated RFX and C1ITA in three other 
unrelated systems, demonstrating that their specificity for the MHCII system is 
not as tight as initially believed. 

In addition to the profound deficiency in MHCII expression, a reduction in 
MHCI and /J2 microglobulin is observed on various cell types from many BLS 
patients (Table 1) (1). Moreover, a reduction in MHCI expression has also been 
observed in Rfx5-I- mice; cell surface levels of MHCI in Rfoc5-/- mice are low- 
ered tenfold in T cells and two- to fivefold in B cells (W Reith, unpublished data). 
Taken together, these observations suggest that RFX and CIITA contribute to the 
expression of MHCI genes. This has been confirmed directly by several studies 
(23, 25-27) (W Reith, unpublished data). First, it has been established that MHCI 
and B2M promoters contain a region showing homology to the MHCII regulatory 
module consisting of the S, X, X2, and Y sequences (23-27). Second, RFX and 
CIITA can transactivate MHCI and B2M promoters in transient transfection ex- 
periments (23, 25-27, 178, 179) (W Reith, unpublished data). Third, certain BLS 
cell lines show enhanced levels of MHCI expression once their genetic defect has 
been corrected (26). Finally, chromatin immunoprecipitation experiments have 
demonstrated that CIITA and RFX are physically associated with MHCI and B2M 
promoters in vivo (115). 

The existence of an additional gene affected by CIITA has been revealed by the 
analysis of Mhc2ta knockout mice. Expression of IL-4 is the hallmark of Th2 cells, 
whereas this cytokine is normally not expressed by Thl cells (180). Disruption 
of the Mhc2ta gene has been reported to lead to the aberrant activation of IL-4 
expression in Thl cells (181), suggesting that CIITA is required for repression of 
the IL-4 gene in these cells. This is apparently not due to a direct effect of CIITA 
on the IL-4 promoter. Instead, CIITA expressed in Thl cells has been proposed to 
bind to and sequester the coactivator CBP, which is required for transcription of 
the IL-4 gene (182). 

An interesting role of CIITA in HIV infection has recently been documented 
(130, 183). Expression of CIITA in T cells enhances HIV-1 replication and tran- 
scriptional activity of the HIV-LTR (183). This finding is of particular interest 
because the primary cellular targets of HIV — activated human T cells and macro- 
phages — express high levels of CIITA. The mechanism by which CIITA activates 
the HIV-LTR remains obscure. 

The MHCII System as a Textbook Model 
for Regulation of Gene Expression 

Thanks to elucidation of the BLS disease, the regulation of MHCII gene expres- 
sion is one of the only mammalian transcriptional control systems that has been 
dissected genetically in detail (Figure 4). Moreover, several features make the reg- 
ulation of MHCII genes a textbook model system for the regulation of gene expres- 
sion. First, it represents an unprecedented paradigm for the role of gene-specific 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



362 REITH ■ MACH 



coactivators such as CIITA (Figure 5b). Second, it is among the few examples in 
which strong evidence for the involvement of a higher order enhanceosome com- 
plex has been provided (Figure 4 and 5 A). Third, the MHCII system makes a very 
strong case for the key importance of combinatorial control mediated by coopera- 
tive protein-protein interactions. Such cooperative interactions are crucial at three 
levels in the MHCII system. At the MHCII promoter, the stability and specificity 
of enhanceosome assembly is strictly dependent on cooperative binding between at 
least three different DNA-binding factors, RFX, X2BP, and NF-Y (Figure 5a). The 
specificity of the coactivator CIITA for MHCII promoters is mediated by the com- 
bined effect of multiple weak protein-protein interactions with at least six different 
components of the DNA-bound enhanceosome complex (Figure 5b). Finally, the 
IFNy- induced expression of CIITA is dependent on the cooperative binding of 
Statl and USF1 to a composite response element in pIV of the MHC2TA gene 
(Figure 6b). Taken together, these features make the MHCII system a valuable 
blueprint of widespread interest to the field of regulation of gene expression. 

ACKNOWLEDGMENTS 

We are indebted to all past and current members of the laboratory for their con- 
tributions to the work reviewed here. The work performed in the laboratory of 
the authors was supported by the Louis Jeantet Foundation, the Swiss National 
Science Foundation, the Gabriella Giorgi-Cavaglieri Foundation, the Ernst and 
Lucie Schmidheiny Foundation, the Roche Research Foundation and the Novartis 
Stiftung. The authors are particularly grateful to the Louis Jeantet Foundation 
(Geneva). B. M. was Louis Jeantet Professor of Molecular Genetics from 1991 to 
1998, and throughout this period the Foundation provided generous support to his 
laboratory. 

Visit the Annual Reviews home page at www.AnnualReviews.org 

LITERATURE CITED 

1 . Klein C, Lisowska Grospierre B, LeDeist F, 
Fischer A, Griscelli C. 1993. Major histo- 
compatibility complex class II deficiency: 
clinical manifestations, immunologic fea- 
tures, and outcome. / Pediatr. 123:921- 
28 

2. Reith W, Steimle V, Lisowska-Grospierre B, 
Fischer A, Mach B. 1999. Molecular ba- 
sis of major histocompatibility class II de- 
ficiency, In Primary Immunodeficiency Dis- 
eases, a Molecular and Genetic Approach, 
ed. H Ochs, J Puck, E Smith, pp. 167-180. 
New York: Oxford Univ. Press 



3. Griscelli C, Lisowska-Grospierre B, Mach 
B. 1993. Combined immunodeficiency with 
defective expression in MHC class II genes, 
In Immunodeficiencies, ed. FS Rosen, M 
Seligman, pp. 141-154. Chur, Switzerland: 
Harwood Academic 

4. Mach B, Steimle V, Marti nez-Soria E, Reith 
W. 1996. Regulation of MHC class II genes: 
lessons from a disease. Annu. Rev Immunol. 
14:301-31 

5. Elhasid R, Etzioni A. 1996. Major histocom- 
patibility complex class II deficiency: a clin- 
ical review. Blood Rev. 10:242-48 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



BARE LYMPHOCYTE SYNDROME 363 



6. Trowsdale J. 1993. Genomic structure and 
function in the MHC. Trends Genet. 9:117— 
22 

7. Viret C, Janeway CAJ. 1999. MHC and 
T cell development. Rev Immunogenet. 
1:91-104 

8. Cresswell P. 1994. Assembly, transport, 
and function of MHC class II molecules. 
AnniL Rev, Immunol. 12:259-93 

9. Guardiola J, Maffei A. 1993. Control of 
MHC class II gene expression in autoim- 
mune, infectious, and neoplastic diseases. 
Crit. Rev. Immunol. 13:247-68 

10. Benoist C, Mathis D. 1990. Regulation of 
major histocompatibility complex class II 
genes: X, Y and other letters of the alpha- 
bet. Annu. Rev. Immunol. 8:681-715 

11. Glimcher LH. Kara CJ. 1992. Sequences 
and factors: a guide to MHC class-II 
transcription. Annu. Rev, Immunol. 10:13- 
49 

12. Ting JP, Baldwin AS. 1993. Regulation 
of MHC gene expression. Curr. Opin. 
Immunol. 5:8-16 

13. BossJM. 1997. Regulation of transcription 
of MHC class II genes. Curr. Opin. Im- 
munol. 9:107-13 

14. Ting JP. Wright KL, Chin KC, Brickey WJ, 
Li G. 1997. The DMB promoter: delin- 
eation, in vivo footprint, trans-activation, 
and trans-dominant suppression. J. Im- 
munol. 159:5457-62 

15. Taxman DJ, Cressman DE, Ting JP. 2000. 
Identification of class II transcriptional 
activator-induced genes by representa- 
tional difference analysis: discoordinate 
regulation of the DN alpha/DO beta het- 
erodimer. /. Immunol. 165:1410—16 

16. Westerheide SD, Louis-Plence P, Ping D, 
He XF, Boss JM. 1997. HLA-DMA and 
HLA-DMB gene expression functions 
through the conserved S-X-Y region. 
J. Immunol. 158:4812-21 

17. Brown AM, Barr CL, Ting JP 1991. Se- 
quences homologous to class II MHC W, 
X, and Y elements mediate constitutive and 
IFN-gamma-induced expression of human 



class II-associated invariant chain gene. J. 
Immunol. 146:3183-89 

18. Brown AM, Wright KL, Ting JP 1993. 
Human major histocompatibility com- 
plex class II-associated invariant chain 
gene promoter. Functional analysis and in 
vivo protein/DNA interactions of constitu- 
tive and IFN-gamma-induced expression. 
J. Biol. Chem. 268:26328-33 

19. Tai AK, Zhou G, Chau K, Ono SJ. 1999. 
Cis-e!ement dependence and occupancy 
of the human invariant chain promoter in 
CIITA-dependent and -independent tran- 
scription. Mol. Immunol 36:447-60 

20. Busch R, Mellins ED. 1996, Developing 
and shedding inhibitions: how MHCclass 
II molecules reach maturity. Curr. Opin. 
Immunol. 8:51-58 

2 1 . Alfonso C, Karlsson L. 2000. Nonclassical 
MHC class II molecules. Annu. Rev. Im- 
munol. 18:113-42 

22. Cresswell P. 1996. Invariant chain structure 
and MHC class II function. Cell 84:505-7 

23. Martin BK, Chin KC, Olsen JC, Skinner 
CA, Dey A, Ozato K, Ting JP 1997. In- 
duction of MHC class I expression by the 
MHC class II transactivator CIITA. Immu- 
nity 6:591-600 

24. Riegert R Andersen R, Bumstead N, 
Dohring C, Dominguez-Steglich M, Eng- 
berg J, Salomonsen J, Schmid M, Schwa- 
ger J, Skjodt K, Kaufman J. 1996. The 
chicken beta 2-microglobulin gene is lo- 
cated on a non-major histocompatibil- 
ity complex microchromosome: a small, 
G+ C-rich gene with X and Y boxes in 
the promoter. Proc. Natl. Acad. Sci. USA 
93:1243-48 

25. Gobin SJ. Peijnenburg A, Keijsers V, van 
den Elsen PJ. 1 997. Site alpha is crucial for 
two routes of IFN gamma-induced MHC 
class I transactivation: the ISRE-mediated 
route and a novel pathway involving CI- 
ITA. Immunity 6:601-1 1 

26. Gobin SJ, Peijnenburg A, Van Eggermond 
M. van Zutphen M. van den Berg R, van 
den Elsen PJ. 1998. The RPX complex 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



364 REITH ■ MACH 



is crucial for the constitutive and CHTA- 
mediated transactivation of MHC class I 
and beta2-microglobulin genes. Immunity 
9:531-41 

27. van den Elsen PJ, Peijnenburg A, van 
Eggermond MC Gobin SJ. 1998. Shared 
regulatory elements in the promoters of 
MHC class I and class II genes. Immunol. 
Today 19:308-12 

28. Steimle V, Mach B. 1995. Complementa- 
tion cloning of mammalian transcriptional 
regulators: the example of MHC class II 
gene regulators. Curr. Opin. Genet. Dev. 
5:646-51 

29. Steimle V, Otten LA, Zufferey M, Mach 
B. 1993. Complementation cloning of an 
MHC class II transactivator mutated in 
hereditary MHC class II deficiency. Cell 
75:135-46 

30. Reith W, Satola S, Herrero Sanchez C, 
Amaldi I, Lisowska-Grospierre B, Gris- 
celli C, Hadam MR t Mach B. 1988. 
Congenital immunodeficiency with a regu- 
latory defect in MHC class II gene expres- 
sion lacks a specific HLA-DR promoter 
binding protein, RF-X. Cell 53:897-906 

31. Durand B, Sperisen P, Emery P, Barras 
E, Zufferey M, Mach B, Reith W. 1997. 
RFXAP, a novel subunit of the RFX DNA 
binding complex is mutated in MHC class 
II deficiency. EM BO J. 16:1045-55 

32. Steimle V, Durand B, Barras E, Zufferey 
M, Hadam MR, Mach B, Reith W. 1995. 
A novel DNA binding regulatory fac- 
tor is mutated in primary MHC class II 
deficiency (bare lymphocyte syndrome). 
Genes Dev. 9:1021-32 

33. Masternak K, Barras E, Zufferey M, Con- 
rad B, Corthals G, Aebersold R, Sanchez 
JC, Hochstrasser DF, Mach B, Reith W, 

1998. A gene encoding a novel RFX- 
associated transactivator is mutated in the 
majority of MHC class II deficiency pa- 
tients. Nat. Genet. 20:273-77 

34. Nagarajan UM, Louis-Plence P, DeSan- 
dro A, Nilsen R, Bushey A, Boss JM. 

1999. RFX-B is the gene responsible for 



the most common cause of the bare lym- 
phocyte syndrome, an MHC class II immu- 
nodeficiency. Immunity 10:153-62 

35. Schuurmann RKB, Van Rood JJ; Vossen 
JM, Schellekens PTA, Feltkamp-Vroom 
TM, Doyer E, Gmelig-Meyling F, Visser 
HKA. 1979. Failure of lymphocyte- 
membrane HLA A and B expression in two 
siblings with combined immunodeficiency. 
Clin. Immunol. Immunopathoi 14:418-34 

36. GrisceUi C, Durandy A, Virelizier JL, Hors 
J, Lepage V, Colombani J. 1980. Impaired 
cell-to-cell interaction in partial combined 
immunodeficiency with variable expres- 
sion of HLA antigens, In Primary Immu- 
nodeficiencies, ed. M Seligman, WH 
Hitzig f pp, 499-503. Amsterdam: Else- 
vier/North Holland 

37. Kuis W, Roord J, Zegers BJM, Schuur- 
mann RKB, Heijnen CJ, Baldwin WM, 
Goulmy E, Claas F, van de Griend RJ, Ri- 
jkers GT, Van Rood JJ, Vossen JM, Bal- 
lieux RE, Stoop RJ. 1981. Clinical and 
immunological studies in a patient with 
the "bare lymphocyte" syndrome, In Bone 
Marrow Transplantation in Europe, ed. JL 
Touraine, E Gluckman, C Griscelli, pp. 
201-208. Amsterdam: Excerpta Medica 

38. Hadam MR. Dopfer R ; Dammer G, Peter 
HH, Schlesier M, Miiller C, Niethammer 
D. 1984. Defective expression of HLA- 
D-region determinants in children with 
congenital agammaglobulinemia and mal- 
absorption: a new syndrome, In Histo- 
compatibility Testing 1984, ed. ED Albert, 
MP Baur, WR Mayr, pp. 645-650. Berlin 
Heidelberg: Springer- Verlag 

39. Lisowska-Grospierre B, Durandy A, Vire- 
lizier JL, Fischer A, Griscelli C. 1983. 
Combined immunodeficiency with defec- 
tive expression of HLA: modulation of an 
abnormal HLA synthesis and functional 
studies. Birth Defects 19:87-92 

40. Touraine JL, Betuel H, Souillet G. 1978. 
Combined immunodeficiency disease as- 
sociated with absence of cell surface HLA 
A and B antigen. /. Pediatr. 93.47-51 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



BARE LYMPHOCYTE SYNDROME 365 



41. Touraine JL. Marseglia GL, Betuel H, 
Souillet G, Gebuhrer L. 1992. The bare 
lymphocyte syndrome. Bone Marrow 
Transplant. 9(Suppl l):54-56 

42. Rosen FS, Wedgwood RJ, Eibl M, et al. 
1 992. Primary immunodeficiency diseases: 
report of a WHO scientific group. Immun- 
odefic.Rev. 3: 195-236 

43. Lisowska-Grospierre B, Fondaneche MC, 
Rols MP, Griscelli C, Fischer A. 1 994. Two 
complementation groups account for most 
cases of inherited MHC class II deficiency, 
Hum. Mol. Genet. 3:953-58 

44. Lisowska-Grospierre B, Charron DJ, de 
Preval C, Durandy A, Griscelli C, Mach B. 
1985. A defect in the regulation of major 
histocompatibility complex class II gene 
expression in human HLA-DR negative 
lymphocytes from patients with combined 
immunodeficiency syndrome. / Clin. 
Invest. 76:381-85 

45. de Preval C, Lisowska-Grospierre B, 
Loche M, Griscelli C, Mach B. 1985. A 
trans-acting class II regulatory gene un- 
linked to the MHC controls expression of 
HLA class II genes. Nature 318:291-93 

46. de Preval C, Hadam MR, Mach B. 1988. 
Regulation of genes for HLA class II anti- 
gens in cell lines from patients with se- 
vere combined immunodeficiency. N. Engl. 
J.Med. 318:1295-1300 

47. Kern I, Steimle V, Siegrist C-A, Mach B. 
1995. The two novel MHC class II transac- 
tivators RFX5 and CIITA both control ex- 
pression of HLA-DM genes. Int. Immunol. 
7:1295-99 

48. Nocera A, Barocci S, Depalma R, Gorski 
J. 1 993. Analysis of transcripts of genes lo- 
cated within the HLA-D region in B-cells 
from an HLA-severe combined immuno- 
deficiency individual. Hum. Immunol. 
38:231-34 

49. Hume CR, Lee JS. 1989. Congenital im- 
munodeficiencies associated with absence 
of HLA class II antigens on lymphocytes 
result from distinct mutations in trans- 
acting factors. Hum. Immunol. 26:288-309 



50. Benichou B, Strominger JL. 1991. Class 
II-antigen-negative patient and mutant B- 
cell lines represent at least three, and prob- 
ably four, distinct genetic defects defined 
by complementation analysis. Proc. Natl. 
Acad. ScL USA 88:4285-88 

5 1 . Seidl C, SaraiyaC, Osterweil Z, Fu YP, Lee 
JS. 1992. Genetic complexity of regulatory 
mutants defective for HLA class- II gene- 
expression. / Immunol. 148:1576-84 

52. Hasegawa SL, Riley JL, Sloan JH III, Boss 
JM. 1993. Protease treatment of nuclear ex- 
tracts distinguishes between class II MHC 
X 1 box DNA-binding proteins in wild-type 
and class II-deficient B cells. /. Immunol. 
150:1781-93 

53. Riley JL, Boss JM. 1993. Class II MHC 
transcriptional mutants are defective in 
higher order complex formation. J. Im- 
munol. 151:6942-53 

54. Durand B, Kobr M, Reith W, Mach 
B. 1994. Functional complementation of 
MHC class II regulatory mutants by the 
purified X box binding protein RFX. Mol. 
Cell Biol. 14:6839-47 

55. Villard J, Lisowska-Grospierre B, Van den 
Elsen P, Fischer A, Reith W, Mach B. 1997. 
Mutation of RFXAP, a regulator of MHC 
class II genes, in primary MHC class II de- 
ficiency. N Engl. J. Med. 337:748-53 

56. Masternak K, Muhlethaler-Mottet A, Vil- 
lard J, Peretti M, Reith W. 2000. Molecular 
genetics of the bare lymphocyte syndrome. 
Rev. Immunogenet. 2:In press 

57. Accolla RS. 1983. Human B cell variants 
immunoselected against a single la anti- 
gen subset have lost expression in several 
la antigen subsets. / Exp. Med. 157:1053- 
58 

58. Gladstone P, Pious D. 1978. Stable vari- 
ants affecting B cell alloantigens in human 
lymphoid cells. Nature 271 :459-6i 

59. Brickey WJ, Wright KL, Zhu XS, Ting 
JP. 1999. Analysis of the defect in IFN- 
gamma induction of MHC class n genes 
in GIB cells: identification of a novel 
and functionally critical leucine- rich motif 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



366 REITH ■ MACH 



(62-LYLYLQL-68) in the regulatory fac- 
tor X 5 transcription factor. 7. Immunol. 
163:6622-30 

60. Hauber I, Guile H, Wolf HM, Maris M, 
Eggenbauer H, Eibl MM. 1995. Molecular 
characterization of major histocompatibil- 
ity complex class II gene expression and 
demonstration of antigen-specific T cell 
response indicate a new phenotype in class 
II-deficient patients. / Exp. Med. 181: 
1411-23 

61. Wolf HM, Hauber I, Guile H, Thon V, 
Eggenbauer H, Fischer MB, Fiala S, Eibl 
MM. 1995. Twin boys with major histo- 
compatibility complex class II deficiency 
but inducible immune responses. N. Engl. 
J. Med. 332:86-90 

62. Douhan J III, Hauber I, Eibl MM, Glim- 
cher LH. 1996. Genetic evidence for a new 
type of major histocompatibility complex 
class II combined immunodeficiency char- 
acterized by a dyscoordinate regulation of 
HLA-D alpha and beta chains. / Exp. Med. 
183:1063-69 

63. Herrero Sanchez C, Reith W, Silacci P, 
Mach B. 1992. The DNA-binding defect 
observed in major histocompatibility com- 
plex class II regulatory mutants concerns 
only one member of a family of complexes 
binding to the X boxes of class II promot- 
ers. Mol Cell Biol. 12:4076-83 

64. Gonczy P, Reith W, Barras E, Lisowska- 
Grospierre B, Griscelli C 5 Hadam MR, 
Mach B. 1989. Inherited immunodefi- 
ciency with a defect in a major histo- 
compatibility complex class II promoter- 
binding protein differs in the chromatin 
structure of the HLA-DRA gene. Mol. Cell. 
Biol. 9:296-302 

65. KaraCJ.GIimcherLH. 1991. In vivo foot- 
printing of MHC class II genes: bare pro- 
moters in the bare lymphocyte syndrome. 
Science 252:709-12 

66. Kara CJ, Glimcher LH. 1993. Three in 
vivo promoter phenotypes in MHC class 
II deficient combined immunodeficiency. 
Immunogenetics 37:227-30 



67. Moreno CS, Emery P, West JE, Durand B, 
Reith W, Mach B, Boss JM. 1995. Purified 
X2 binding protein (X2BP) cooperatively 
binds the class II MHC X box region in the 
presence of purified RFX. the X box factor 
deficient in the bare lymphocyte syndrome. 
J. Immunol. 155:4313-21 

68. Reith W, Kobr M, Emery P, Durand B, 
Siegrist CA, Mach B. 1994. Cooperative 
binding between factors RFX and X2bp to 
the X and X2 boxes of MHC class II pro- 
moters. / Biol. Chem. 269:20020-25 

69. Louis-Plence P, Moreno CS, Boss JM. 
1997. Formation of a regulatory factor 
X/X2 box-binding protein/nuclear factor- 
Y multiprotein complex on the conserved 
regulatory regions of HLA class II genes. 
/ Immunol 159:3899-3909 

70. Wright KL, Vilen BJ, Itoh Lindstrom Y, 
Moore TL, Li G, Criscitiello M, Cogswell 
P, Clarke JB, Ting JP. 1994. CCAAT 
box binding protein NF-Y facilitates in 
vivo recruitment of upstream DNA binding 
transcription factors. EMBO J. 13:4042- 
53 

71. Reith W, Siegrist CA, Durand B, Barras 
E, Mach B. 1994. Function of major histo- 
compatibility complex class II promoters 
requires cooperative binding between fac- 
tors RFX and NF-Y. Proc. Natl. Acad. Sci. 
USA 91:554-58 

72. MantovaniR. 1999. The molecular biology 
of the CCAAT-binding factor NF-Y Gene 
239:15-27 

73. Accolla RS, Jotterand-Bellomo M, Scar- 
pellino L, Maffei A, Carra G, Guardiola 
J. 1986. alr-l, a newly found locus on 
mouse chromosome 16 encoding a trans- 
acting activator factor for MHC class II 
gene expression. J. Exp. Med. 164:369-74 

74. Bono MR, Alcaide-Loridan C, Couillin P, 
Letouze B, Grisard MC, Jouin H, Fellous 
M. 1991. Human chromosome 16 encodes 
a factor involved in induction of class II 
major histocompatibility antigens by inter- 
feron gamma. Proc. Natl. Acad. Sci. USA 
88:6077-81 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



BARE LYMPHOCYTE SYNDROME 367 



75. Chang CH, Flavell RA. 1995. Class II 
transactivator regulates the expression of 
multiple genes involved in antigen presen- 
tation. / Exp. Med, 1 8 1 :765-67 

76. Bontron S, Steimle V, Ucla C, Mach B. 
1997. Two novel mutations in the MHC 
class II transactivator CIITA in a second 
patient from MHC class II deficiency 
complementation group A. Hum. Genet. 
99:541^6 

77. Peijnenburg A, van den Berg R, Van Eg- 
germond MJ, Sanal O, Vossen JM, Lennon 
AM ; Alcaide-Loridan C, van den Elsen PJ. 
2000. Defective MHC class II expression 
in an MHC class II deficiency patient is 
caused by a novel deletion of a splice donor 
site in the MHC class II transactivator gene. 
Immunogenetics 51:42-49 

78. Quan V, Towey M, Sacks S, Kelly AP. 
1999. Absence of MHC class II gene ex- 
pression in a patient with a single amino 
acid substitution in the class II trans- 
activator protein CIITA. Immunogenetics 
49:957-63 

79. Brown JA, He XF, Westerheide SD, Boss 
JM. 1995. Characterization of the ex- 
pressed CIITA allele in the class II MHC 
transcriptional mutant RJ2.2.5. Immuno- 
genetics 43:88-91 

80. Moreno CS, Rogers EM, Brown JA, Boss 
JM. 1997. Regulatory factor X, a bare 
lymphocyte syndrome transcription factor, 
is a multimeric phosphoprotein complex. 
/. Immunol. 158:5841-48 

81. Emery P, Durand B, Mach B, Reith W. 
1 996. RFX proteins, a novel family of DNA 
binding proteins conserved in the eukary- 
otic kingdom. Nucleic Acids Res. 24:803-7 

82. Emery P, Strubin M, Hofmann K, Bucher 
P, Mach B, Reith W. 1996. A consensus 
motif in the RFX DNA binding domain 
and binding domain mutants with altered 
specificity. Mol Cell Biol. 16:4486-94 

83. Villard J, Reith W t Barras E, Gos A, Mor- 
ris MA, Antonarakis SE, van den Elsen 
PJ, Mach B. 1997. Analysis of mutations 
and chromosomal localisation of the gene 



encoding RFX5, a novel transcription fac- 
tor affected in major histocompatibility 
complex class II deficiency. Hum. Mutat. 
10:430-35 

84. Peijnenburg A, van Eggermond MA, van 
den Berg R, Sanal Vossen JJ, van den Elsen 
PJ. 1999. Molecular analysis of an MHC 
class II deficiency patient reveals a novel 
mutation in the RFX5 gene. Immunogenet- 
ics 49:338-45 

85. Peijnenburg A, Van Eggermond MJ, Gobin 
SJ, van den Berg R, Godthelp BC, Vossen 
JM, van den Elsen PJ. 1999. Discoordinate 
expression of invariant chain and MHC 
class II genes in class II transactivator- 
transfected fibroblasts defective for RFX5. 
J. Immunol. 163:794-801 

86. Fondaneche MC, Villard J, Wiszniewski 
W, Jouanguy E, Etzioni A, Le Deist F, Peij- 
nenburg A, Casanova JL, Reith W, Mach B, 
Fischer A, Lisowska-Grospierre B. 1998. 
Genetic and molecular definition of com- 
plementation group D in MHC class II 
deficiency. Hum. Mol Genet 7:879-85 

87. Wiszniewski W, Fondaneche MC, Lambert 
N, Masternak K, Picard C, Notarangelo 
L, Schwartz K, Bal J. Reith W, Alcaide 
C, de Saint B, Fischer A, Lisowska- 
Grospierre B. 2000. Founder effect for 
a 26-bp deletion in the RFXANK gene 
in North African major histocompatibility 
complex class II-deficient patients belong- 
ing to complementation group B. Immuno- 
genetics 51:261-67 

88. DeSandro A, Nagarajan UM, Boss JM. 
1999. The bare lymphocyte syndrome: 
molecular clues to the transcriptional regu- 
lation of major histocompatibility complex 
class II genes. Am. J. Hum. Genet. 65:279- 
86 

89. Klein C, Cavazzana-Calvo M, Le Deist 
F, Jabado N, Benkerrou M, Blanche S, 
Lisowska-Grospierre B, Griscelli C. 1995. 
Bone marrow transplantation in major 
histocompatibility complex class II defi- 
ciency: a single-center study of 1 9 patients . 
5/^85:580-87 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



368 REITH ■ MACH 



90. Canioni D. Patey N, Cuenod B, Benkerrou 
M, Brousse N. 1997. Major histocompati- 
bility complex class II deficiency needs an 
early diagnosis: report of a case. Pediatr. 
Pathol Lab. Med. 17:645-51 

9 1 . Ostrand-Rosenberg S, Thakur A, Clements 
V. 1990. Rejection of mouse sarcoma cells 
after transfection of MHC class II genes. 
/. Immunol. 144:4068-71 

92. Ostrand-Rosenberg S, Clements VK, 
Thakur A, Cole GA. 1989. Transfection of 
major histocompatibility complex class I 
and class II genes causes tumour rejection. 
J. Immunogenet. 16:343—49 

93. Panelli MC, Wang E, Shen S, Schluter SF, 
Bernstein RM, Hersh EM, Stopeck A, Gan- 
gavalli R, Barber J, Jolly D, Akporiaye ET. 
1996. Interferon gamma (IFNgamma)gene 
transfer of an EMT6 tumor that is poorly 
responsive to IFNgamma stimulation: in- 
crease in tumor immunogenicity is accom- 
panied by induction of a mouse class II 
transactivator and class II MHC. Cancer 
Immunol Immunother. 42:99-107 

94. Baskar S, Clements VK, Glimcher LH, 
NabaviR Ostrand-Rosenberg S. 1996. Re- 
jection of MHC class II-transfected tu- 
mor cells requires induction of tumor* 
encoded B7-1 and/or B7-2 costimulatory 
molecules. / Immunol 156:3821-27 

95. Martin BK, Frelinger JG, Ting JP. 1999. 
Combination gene therapy with CD86 and 
the MHC class II transactivator in the con- 
trol of lung tumor growth, J. Immunol 
162:6663-70 

96. Chang CH, Guerder S, Hong SC, van Ewijk 
W, Flavell RA. 1996. Mice lacking the 
MHC class II transactivator (CIITA) show 
tissue-specific impairment of MHCclass II 
expression. Immunity 4: 167-78 

97. Williams GS, Malin M, Vremec D, Chang 
CH, Boyd R, Benoist C, Mathis D. 
1998. Mice lacking the transcription fac- 
tor CUTA-a second look. Int. Immunol 
10:1957-67 

.98. Itoh-Lindstrom Y, Piskurich JR Fe- 
lix NJ, Wang Y, Brickey WJ, Piatt JL, 



Roller BH, Ting JP. 1999. Reduced IL- 
4-, lipopolysaccharide-, and IFN-gamma- 
induced MHC class II expression in mice 
lacking class II transactivator due to tar- 
geted deletion of the GTP-binding do- 
main. / Immunol 163:2425-31 
99. Clausen BE, Waldburger JM, Schwenk F, 
Barras E, Mach B, Rajewsky K, Forster 
I, Reith W. 1998. Residual MHC class II 
expression on mature dendritic cells and 
activated B cells in RFX5-deficient mice. 
Immunity 8:143-55 

100. Schuurman HJ, van de Wijngaert FP, Hu- 
ber J, Schuurman RK, Zegers BJ, Roord 
JJ, Kater L. 1985. The thymus in "bare 
lymphocyte" syndrome: significance of 
expression of major histocompatibility 
complex antigens on thymic epithelial 
cells in intrathymic T-cell maturation. 
Hum. Immunol 13:69-82 

101. Schuurman HJ, van de Wijngaert FP, Hu- 
ber J, Zegers BJ, Schuurman RKB, Roord 
JJ, Kater L. 1985. The thymus in "bare 
lymphocyte" syndrome. Adv. Exp. Med. 
Biol 186:921-28 

102. Cardell S, Tangri S, Chan S ? Kronenberg 
M, Benoist C, Mathis D. 1995. CD1- 
restricted CD4+ T cells in major histo- 
compatibility complex class II-deficient 
mice. J. Exp. Med. 182:993-1004 

1 03. van Eggermond MC, Rijkers GT, Kuis W, 
Zegers BJ, van den Elsen PJ. 1993. T cell 
development in a major histocompatibil- 
ity complex class D-deficient patient. Eur. 
J. Immunol 23:2585-91 

104. Henwood J, van Eggermond MCJA, van 
Boxel-Dezaire AHH, Schipper R, den 
Hoedt M, Peijnenburg A, Sanal O, Ersoy 
F, Rijkers GT, Zegers BJM, Vossen JM, 
van Tol MJD, van den Elsen PJ. 1 996. Hu- 
man T cell repertoire generation in the ab- 
sence of MHC class II expression results 
in a circulating CD4+CD8- population 
with altered physicochemical properties 
of complementarity-determining region 
3. J. Immunol 156:895-906 

105. Villard J, Peretti M, Masternak K, Barras 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



E, Caretti G. Mantovani R, Reith W. 2000. 
A functionally essential domain of RFX5 
mediates activation of MHC class II pro- 
moters by prompting cooperative binding 
between RFX and NF-Y. MoL Cell. Biol. 
20:3364-76 

106. Caretti G, Cocchiarella F, Sidoli C, Vil- 
lard J ? Peretti M, Reith W, Mantovani 
R. 2000. Dissection of functional NF- 
Y-RFX cooperative interactions on the 
MHC class II Ea promoter. /. MoL Biol. 
302:539-52 

107. Westerheide SD, Boss JM. 1999. Orien- 
tation and positional mapping of the sub- 
units of the multicomponent transcrip- 
tion factors RFX and X2BP to the major 
histocompatibility complex class II tran- 
scriptional enhancer. Nucleic Acids Res. 
27:1635^*1 

108. Huang M ? Zhou Z, Elledge SJ. 1998. The 
DNA replication and damage checkpoint 
pathways induce transcription by inhibi- 
tion of the Crtl repressor. Cell 94:595- 
605 

109. Katan-Khaykovich Y ? Spiegel l Shaul 
Y. 1999. The dimerization/repression do- 
main of RFX I is related to a conserved 
region of its yeast homologues Crtl and 
Sak 1 : a new function for an ancient motif. 
J. MoL Biol. 294:121-37 

110. Schmitt EK. Kuck U. 2000. The fun- 
gal CPCR1 protein, which binds specif- 
ically to beta-lactam biosynthesis genes, 
is related to human regulatory factor 
X transcription factors. 7. Biol. Chem. 
275:9348-57 

111. Gajiwala KS, Chen H, Cornille F, Roques 
BP, Reith W, Mach B, Burley SK. 2000. 
Structure of the winged-helix protein 
hRFX 1 reveals a new mode of DNA bind- 
ing. Nature 403:916-21 

1 12. DeSandro AM, Nagarajan UM, Boss JM. 
2000. Associations and interactions be- 
tween bare lymphocyte syndrome factors. 
MoL Cell. Biol. 20:6587-99 

113. Zhu XS, Linhoff MW, Li G. Chin KC, 
Maity SN. Ting JP. 2000. Transcriptional 



BARE LYMPHOCYTE SYNDROME 369 



scaffold: C1ITA interacts with NF-Y, 
RFX, and CREB to cause stereospecific 
regulation of the class II major histocom- 
patibility complex promoter. MoL Cell. 
B/V?/. 20:6051-61 

1 14. Rogers S, Wells R, Rechsteiner M. 1986. 
Amino acid sequences common to rapidly 
degraded proteins: the PEST hypothesis. 
Science 234:364-68 

115. Masternak K, Muhlethaler-Mottet A, Vil- 
lard J, Zufferey M, Steimle V, Reith W. 
2000. CIITA is a transcriptional coacti- 
vator that is recruited to MHC class II 
promoters by multiple synergistic inter- 
actions with an enhanceosome complex. 
Genes Dev. 14:1156-66 

1 16. Moreno CS ? Beresford GW, Louis-Plence 
P, Morris AC. Boss JM. 1999. CREB 
regulates MHC class II expression in 
a CIITA-dependent manner. Immunity 
10:143-51 

117. Vilen BL Cogswell JP, Ting JP. 1991. 
Stereospecific alignment of the X and Y 
elements is required for major histocom- 
patibility complex class II DRA promoter 
function. MoL Cell. Biol. 1 1:2406-15 

118. Vilen BJ, Penta JF Ting JP-Y. 1992. 
Structural constraints within a trimeric 
transcriptional regulatory region: consti- 
tutive and interferon-g inducible expres- 
sion of the HLA-DRA gene. J. Biol. 
Chem. 267:23728-34 

1 19. Hake S, Masternak K, Kammerbauer C, 
Reith W, Steimle V. 2000. CIITA leucine- 
rich repeats control nuclear localization 
in vivo recruitment to the major histo- 
compatibility complex (MHC) class II 
enhanceosome and MHC class II gene 
transactivation. MoL Cell. Biol. 20:7716- 
25 

120. Bontron S, Ucla C, Mach B, Steimle V. 
1997. Efficient repression of endogenous 
major histocompatibility complex class 
II expression through dominant negative 
CIITA mutants isolated by a functional se- 
lection strategy. MoL Cell. Biol. 17:4249- 
58 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



370 



REITH ■ MACH 



121. Brown JA, Rogers EM, Boss JM. 1998. 
The MHC class II transactivator (CriTA) 
requires conserved leucine charged do- 
mains for interactions with the conserved 
W box promoter element. Nucleic Acids 
Res. 26:4128-36 

122. Chin KC Li G, Ting JP. 1997. Activation 
and transdominant suppression of MHC 
class II and HLA-DMB promoters by a 
series of C-terminal class II transactivator 
deletion mutants. J. Immunol. 159:2789- 
94 

123. Chin KC. Li GG, Ting JP. 1997. Impor- 
tance of acidic, proline/serine/threonine- 
rich, and GTP-binding regions in the ma- 
jor histocompatibility complex class II 
transactivator: generation of trans- 
dominant-negative mutants. Proc. Natl 
Acad. Sci. USA 94:2501-6 

124. Riley JL, Westerheide SD, Price JA, 
Brown JA, Boss JM. 1995. Activation 
of class II MHC genes requires both 
the X box and the class II transactivator 
(CTITA). Immunity 2:533-43 

125. Zhou H, Glimcher LH. 1995. Human 
MHC class II gene transcription directed 
by the carboxyl terminus of CIITA, one 
of the defective genes in type II MHC 
combined immune deficiency. Immunity 
2:545-53 

126. Yun S, Gustafsson K, Fabre JW. 
1998. Suppression of human anti-porcine 
T-cell immune responses by major his- 
tocompatibility complex class II trans- 
activator constructs lacking the amino 
terminal domain. Transplantation 66: 
103-11 

127. Zhou H, Su HS, Zhang X, Douhan J3, 
Glimcher LH. 1997. CIITA-dependent 
and -independent class II MHC expres- 
sion revealed by a dominant negative 
mutant. / Immunol 158:4741-49 

128. Fontes JD, Jiang B, Peterlin BM. 1997. 
The class II trans-activator CIITA inter- 
acts with the TBP-associated factor TAF 
H 32. Nucleic Acids Res. 25:2522-28 

129. Manama SK, Scholl T, Yang FC, 



Strominger JL. 1997. Transactivation by 
CIITA, the type II bare lymphocyte 
syndrome-associated factor, requires par- 
ticipation of multiple regions of the TATA 
box binding protein. Proc. Natl. Acad. Sci. 
USA 94:6324-29 

130. Kanazawa S, Okamoto T, Peterlin BM. 
2000. Tat competes with CIITA for the 
binding to P-TEFb and blocks the expres- 
sion of MHC class II genes in HIV infec- 
tion. Immunity 12:61-70 

131. Kretsovali A, Agalioti T, Spilianakis C, 
Tzortzakaki E, Merika M, Papamatheakis 
J. 1998. Involvement of CREB binding 
protein in expression of major histocom- 
patibility complex class II genes via in- 
teraction with the class II transactivator. 
Mol Cell Biol. 18:6777-83 

132. Fontes JD. Kanazawa S, Jean D, Peterlin 
BM. 1999. Interactions between the class 
II transactivator and CREB binding pro- 
tein increase transcription of major his- 
tocompatibility complex class II genes. 
Mol Cell Biol 19:941-47 

133. Wright KL t Chin KC, Linhoff M, Skinner 
C, Brown JA, Boss JM, Stark GR, Ting JP. 
1998. CIITA stimulation of transcription 
factor binding to major hi stocompatibility 
complex class II and associated promot- 
ers in vivo. Proc. Natl Acad. Sci. USA 
95:6267-72 

134. Villard J, Muhlelhaler-Mottet A, Bon- 
tron S, Mach B, Reith W. 1999. 
CIITA-induced occupation of MHC class 
II promoters is independent of the cooper- 
ative stabilization of the promoter- bound 
mu hi -protein complexes. Int. Immunol. 
11:461-69 

135. Scholl T, Manama SK, Strominger JL. 
1997. Specific complex formation be- 
tween the type II bare lymphocyte syn- 
drome-associated transactivators CIITA 
and RFX5. Proc. Natl Acad. Sci. USA 
94:6330-34 

1 36. Cressman DE, Chin KC, Taxman DJ, Ting 
JP. 1 999. A defect in the nuclear transloca- 
tion of CIITA causes a form of type II bare 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



BARE LYMPHOCYTE SYNDROME 371 



lymphocyte syndrome. Immunity 10:163- 
71 

137. Harton JA, Cressman DE, Chin KC, Der 
CJ, Ting JP. 1999. GTP binding by class 
II transactivator: role in nuclear import. 
Science 285:1402-5 

138. Erickson FL, Dinesh-Kumar SP, Holz- 
berg S, Ustach CV, Dutton M, Handley 
V, Corr C, Baker BJ. 1999. Interactions 
between tobacco mosaic virus and the to- 
bacco N gene. Philos. Trans. R. Soc. Lond. 
B. Biol. ScL 354:653-58 

139. Inohara N. Koseki T, del Peso L, Hu Y, 
Yee C, Chen S, Carrio R, Merino J, Liu D, 
Ni J, Nunez G. 1999. Nodi, an Apaf- 
1-like activator of caspase-9 and nu- 
clear factor-kappaB. /. Biol. Chem. 274: 
14560-^7 

140. Steimle V, Siegrist C-A, Mottet A, 
Lisowska-Grospierre B, Mach B. 1994. 
Regulation of MHC class II expression by 
interferon-gamma mediated by the trans- 
activator gene CIITA. Science 265:106-9 

141. Chang CH, Fontes JD, Peterlin M, Flavell 
RA. 1994. Class II transactivator (CIITA) 
is sufficient for the inducible expression 
of major histocompatibility complex class 
II genes. I Exp. Med. 180:1367-74 

142. O'Keefe GM, Nguyen VT, Benveniste 
EN. 1999. Class II transactivator and class 
II MHC gene expression in microglia: 
modulation by the cytokines TGF-beta, 
IL-4, IL-13 and EL- 10. Eur. J. Immunol. 
29:1275-85 

143. Dong Y,RohnWM, Benveniste EN. 1999. 
IFN-gamma regulation of the type IV 
class II transactivator promoter in astro- 
cytes. / Immunol. 162:4731-39 

144. Muhlethaier-Mottet A, Di Berardino W, 
Otten LA, Mach B. 1998. Activation of 
the MHC class II transactivator CIITA by 
interferon-/ requires cooperative interac- 
tion between Statl and USF-1. Immunity 
8:157^66 

145. Muhlethaler-Mottet A, Otten LA, Steimle 
V, Mach B. 1997. Expression of MHC 
class II molecules in different cellular and 



functional compartments is controlled by 
differential usage of multiple promoters 
of the transactivator CIITA. EMBO J. 
16:2851-60 

146. Piskurich JF, Linhoff MW, Wang Y, Ting 
JR 1999. Two distinct gamma interferon- 
inducible promoters of the major histo- 
compatibility complex class II transac- 
tivator gene are differentially regulated 
by STAT1, interferon regulatory factor 1, 
and transforming growth factor beta. Mol 
Cell Biol 19:431-40 

147. Piskurich JF, Wang Y, Linhoff MW, White 
LC, Ting JP. 1998. Identification of dis- 
tinct regions of 5' flanking DNA that me- 
diate constitutive, IFN-gamma, STAT1, 
and TGF-beta-regulated expression of the 
class II transactivator gene. J. Immunol. 
160:233-40 

148. Lee YJ, Benveniste EN. 1996. Statl al- 
pha expression is involved in IFN-gamma 
induction of the class II transactivator 
and class II MHC genes. J. Immunol. 
157:1559-68 

149. Silacci P, Mottet A, Steimle V, Reith W, 
Mach B. 1994. Developmental extinction 
of major histocompatibility complex class 
II gene expression in plasmocytes is me- 
diated by silencing of the transactivator 
gene CIITA. J. Exp. Med. 180:1329-36 

150. Sartoris S, Valle MT, Barbara AL, Tosi 
G, Cestari T, D'Agostino A, Megiovanni 
AM, Manca F, Accolla RS. 1998. HLA 
class II expression in uninducible hepato- 
carcinoma cells after transfection of AIR- 

I gene product CIITA: acquisition of anti- 
gen processing and presentation capacity. 
J. Immunol 161:814-20 

151. Otten LA, Steimle V, Bontron S, Mach B. 
1998. Quantitative control of MHC class 

II expression by the transactivator CIITA. 
Eur. J. Immunol. 28:473-78 

152. Sartoris S, Tosi G, De Lerma B, Cestari T, 
Accolla RS. 1996. Active suppression of 
the class II transactivator-encoding AIR- 1 
locus is responsible for the lack of major 
histocompatibility complex class II gene 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



372 REITH ■ MACH 



expression observed during differentia- 
tion from B cells to plasma cells. Eur. J. 
Immunol 26:2456-60 

153. Chang CH, Hong SC, Hughes CC, 
Janeway CAJ, Flavell RA. 1995. CIITA 
activates the expression of MHC class 
II genes in mouse T cells. Int. Immunol. 
7:1515-18 

1 54. Morris AC, Riley JL, Fleming WH, Boss 
JM. 1998. MHC class II gene silencing 
in trophoblast cells is caused by inhibi- 
tion of CIITA expression. Am. J. Reprod. 
Immunol 40:385-94 

155. Morris AC, Spangler WE, Boss JM. 2000. 
Methylation of class II trans-activator 
promoter IV: a novel mechanism of 
MHC class II gene control. J. Immunol 
164:4143^9 

156. Miller DM, Rahill BM, Boss JM t Lair- 
more MD, Durbin JE, Waldman JW, Sed- 
mak DD. 1998. Human cytomegalovirus 
inhibits major histocompatibility com- 
plex class II expression by disruption 
of the Jak/Stat pathway. J. Exp. Med. 
187:675-83 

157. Le Roy E, Muhlethaler-Mottet A, 
Davrinche C, Mach B, Davignon JL. 
1999. Escape of human cytomegalovirus 
from HLA-DR-restricted CD4(+) T-cell 
response is mediated by repression of 
gamma interferon-induced class II trans- 
activator expression. / Virol. 73:6582- 
89 

158. Abendroth A, Slobedman B ; Lee E, 
Mellins E, Wallace M, Arvin AM. 2000. 
Modulation of major histocompatibility 
class II protein expression by varicella- 
zoster virus. J. Virol. 74:1900-7 

1 59. Wojciechowski W, DeSanctis J, Skamene 
E, Radzioch D. 1999. Attenuation of 
MHC class II expression in macrophages 
infected with Mycobacterium bovis bacil- 
lus Calmette-Guerin involves class II 
transactivator and depends on the Nramp 1 
gene. 7. Immunol 163:2688-96 

160. Zhong G. Fan T, Liu L. 1999. Chlamy- 
dia inhibits interferon gamma-indue ible 



major histocompatibility complex class 
II expression by degradation of up- 
stream stimulatory factor 1. J. Exp. Med. 
189:1931-38 

161. Lu HT, Riley JL, Babcock GT, Huston 
M, Stark GR, Boss JM, Ransohoff RM. 
1995. Interferon (IFN) beta acts down- 
stream of IFN-gamma-induced class II 
transactivator messenger RNA accumu- 
lation to block major histocompatibility 
complex class II gene expression and re- 
quires the 48-kD DNA-binding protein, 
ISGF3-gamma. / Exp. Med 182:1517- 
25 

162. Nikcevich KM, Piskurich JF, Hellendall 
RP, Wang Y, Ting JP. 1999. Differen- 
tial selectivity of CIITA promoter activa- 
tion by IFN-gamma and IRF-1 in astro- 
cytes and macrophages: CIITA promoter 
activation is not affected by TNF-alpha. 
/. Neuroimmunol 99:195-204 

163. Han Y, Zhou ZH, Ransohoff RM. 1999. 
TNF-alpha suppresses IFN-gamma- 
induced MHC class II expression in 
HT1080 cells by destabilizing class 
II trans-activator mRNA. J. Immunol 
163:1435-40 

164. Douhan J, Lieberson R, Knoll JHM, 
Zhou H, GlimcherLH. 1997. An isotype- 
specific activator of major histocompati- 
bility complex (MHC) class II genes that 
is independent of class II transactivator. 
J.Exp. Med. 185:1885-95 

165. Suter T, Malipiero U, Otten L, Ludewig B, 
Muhlethaler-Mottet A, Mach B, Reith W, 
Fontana A. 2000. Dendritic cells and dif- 
ferential usage of the MHC class II trans- 
activator promoters in the central nervous 
system in experimental autoimmune en- 
cephalitis. Eur. J. Immunol 30:794-802 

166. Ghosh N, Piskurich JF, Wright G, Has- 
sani K, Ting JP, Wright KL. 1999. A 
novel element and a TEF-2-like ele- 
ment activate the major histocompati- 
bility complex class II transactivator in 
B-lymphocytes. J. Biol Chem. 274: 
32342-50 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



BARE LYMPHOCYTE SYNDROME 373 



1 67. Lennon AM, Ottone C, Rigaud G, Deaven 
LL, Longmire J, Fellous M, Bono R, 
AIcaide-Loridan C. 1997. Isolation of a 
B-cell-specific promoter for the human 
class II transact! vator. Immunogenetics 
45:266-73 

168. Rohn W, Tang LP, Dong Y, Benveniste 
EN. 1999. IL- 1 beta inhibits IFN-gamma- 
induced class II MHC expression by 
suppressing transcription of the class II 
transact) vator gene. / Immunol. 162:886- 
96 

169. Imada K, Leonard WJ. 2000. The jak- 
STAT pathway. Mol Immunol. 37:1-1 1 

170. Leonard WJ, O'Shea JJ. 1998. Jaks and 
STATs: biological implications. Annu. 
Rev. Immunol 16:293-322 

171. Harada H, Taniguchi T, Tanaka N. 1998. 
The role of interferon regulatory factors 
in the interferon system and cell growth 
control. Biochimie 80:641-50 

172. Nandan D, Reiner NE. 1997. TGF-beta 
attenuates the class II transactivator and 
reveals an accessory pathway of IFN- 
gamma action. / Immunol. 158:1095- 
1101 

173. Lee YJ, Han Y, Lu HT, Nguyen V, Qin H, 
Howe PH, Hocevar BA ? Boss JM, Ran- 
sohoff RM, Benveniste EN. 1997. TGF- 
beta suppresses IFN-gamma induction of 
class II MHC gene expression by in- 
hibiting class II transactivator messenger 
RNA expression. J. Immunol. 158:2065- 
75 

174. Blanck G. 1999. HLA class II expression 
in human tumor lines. Microbes Infect. 
1:913-18 

175. Kadota Y, Okumura M, Miyoshi S, 
Kitagawa-Sakakida S, Inoue M, Shiono 
H ? Maeda Y, Kinoshita T, Shirakura R, 
Matsuda H. 2000. Altered T cell de- 
velopment in human thymoma is re- 
lated to impairment of MHC class II 
transactivator expression induced by 



interferon-gamma (IFN-gamma). Clin. 
Exp. Immunol 121:59-68 

176. Kielar ML, Sicher SC, Penfield JG, Je- 
yarajah DR, Lu CY. 2000. Nitric ox- 
ide inhibits INFgamma-induced increases 
in CIITA mRNA abundance and activa- 
tion of CIITA dependent genes-class II 
MHC, Ii and H-2M. class II transactivator. 

t Inflammation 24:431-45 

177. Kwak B, Mulhaupt F, My it S and Mach F. 
2000. Statins as a newly recognized type 
of immunomodulator. Nat. Med. Decem- 
ber 1 , 2000. 

178. Lefebvre S, Moreau P, Dausset J, 
Carosella ED, Paul P. 1999. Downregu- 
lation of HLA class I gene transcription 
in choriocarcinoma cells is controlled by 
the proximal promoter element and can be 
reversed by CIITA. Placenta 20:293-301 

179. Girdlestone J. 2000. Synergistic induction 
of HLA class I expression by RelA and 
CIITA. B hod 95:3804-8 

180. Murphy KM, Ouyang W, Farrar JD. Yang 
J, Ranganath S, Asnagli H, Afkarian M, 
Murphy TL. 2000. Signaling and tran- 
scription in T helper development. Annu. 
Rev. Immunol 18:451-94:451-94 

181. Gourley T, Roys S, Lukacs NW, Kunkel 
SL, Flavell RA, Chang CH. 1999. A novel 
role for the major histocompatibility com- 
plex class II transactivator CIITA in the 
repression of IL-4 production. Immunity 
10:377-86 

182. Sisk TJ, Gourley T, Roys S, Chang CH. 
2000. MHC class II transactivator in- 
hibits IL-4 gene transcription by com- 
peting with NF-AT to bind the coactiva- 
tor CREB binding protein (CBP)/p300. 
J. Immunol. 165:2511-17 

183. Saifuddin M, Roebuck KA, Chang C, 
Ting JP, Spear GT. 2000. Cutting edge: 
activation of HIV- 1 transcription by the 
MHC class II transactivator. J. Immunol. 
164:3941-45 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



r 

Eur. J. Immunol. 2004. 34: 1513-1525 

Mini-review: 



Specificity and expression of CIITA 1 513 



Specificity and expression of CIITA, the master 
regulator of MHC class II genes 

Salome LeibundGut-Landmann 1 , Jean-Marc Waldburger 1 , Michal Krawczyk 1 , 

Luc A. Often 2 , Tobias Suter 3 , Adriano Fontana 3 , Hans Acha-Orbea 2 and Walter Reith 1 

1 Department of Pathology, University of Geneva Medical School, Geneva, Switzerland 

2 Department of Biochemistry, Faculty of Biology and Medicine, University of Lausanne, 
Epalinges, Switzerland 

3 Section of Clinical Immunology, University Hospital, Zurich, Switzerland 



The class II transactivator (CIITA) has been referred to as the "master control factor" for the 
expression of MHC class II (MHCII) genes. As our knowledge on the specificity and function 
of CIITA grows, it is becoming increasingly evident that this sobriquet is entirely justified. 
First, despite extensive investigations, the major target genes of CIITA remain those impli- 
cated in the presentation of antigenic peptides by MHCII molecules. Although other putative 
target genes have been reported, the contribution of CIITA to their expression remains indi- 
rect, controversial or comparatively minor relative to its decisive role as a regulator of MHCII 
and related genes. Second, the most important parameter dictating MHCII expression is by 
far the expression pattern of the gene encoding CIITA (MHC2TA). The vast majority of signals 
that activate or repress MHCII expression under physiological and pathological situations 
converge on one or more of the three alternative promoters that drive transcription of the 
MHC2TA gene. In short, with respect to its specificity and its exquisitely controlled pattern of 
expression, CIITA is by a long stretch the single most important transcription factor for the 
regulation of genes required for MHCII -restricted antigen-presentation. 

Key words: MHC class II / Class II transactivator / Gene expression / Repression / Cell type speci- 
ficity 
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1 Introduction 

MHC class II (MHCII) molecules play a pivotal role in the 
induction and regulation of adaptive immune responses 
to pathogens. They are also central to the maintenance 
of self-tolerance and to the breaking of this tolerance 
during the initiation and development of autoimmune 
diseases. MHCII molecules are displayed at the surface 
of APC where they present peptides to the TCR of CD4 + 
T cells. This triggers the activation and proliferation of 
the T cells and thus elicits an immune response directed 
against the antigen from which the MHCII-bound pep- 
tides were derived. MHCII molecules are also crucial for 
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Abbreviations: CIITA: Class II transactivator cTEC: Corti- 
cal TEC LTR: Long terminal repeat MHCII: MHC class II 
mTEC: Medullary TEC pDC: Plasmacytoid DC RFX: Reg- 
ulatory factor X SOCS-1 : Suppressor of cytokine signaling- 
1 TEC: Thymic epithelial cell USF-1: Upstream regulatory 
factor-1 



selection and maturation of CD4 + T cells in the thymus. 
Positive selection, which ensures the survival of T cells 
that carry TCR capable of recognizing self-MHC mole- 
cules, is believed to be driven by MHCir cortical thymic 
epithelial cells (cTEC) [1]. On the other hand, elimination 
of autoreactive T cells by negative selection is driven by 
MHCir thymic DC and/or medullary thymic epithelial 
cells (mTEC) [1-3]. 

Constitutive expression of MHCII molecules is largely 
restricted to APC, namely dendritic cells (DC), B cells 
and macrophages. In addition, thymic epithelial cells 
(TEC) and activated human T cells express MHCII. In 
many MHCII" cell types, MHCII expression can be 
induced by various stimuli of which IFN-y is by far the 
most potent. Both constitutive and induced MHCII 
expression can be further modulated by additional sig- 
nals. Constitutive expression in B cells and DC is for 
instance regulated as a function of developmental stage 
and can be modulated by various cytokines. IFN-y- 
induced expression can also be inhibited by numerous 
stimuli such as TGF-p, IFN-a and IL-4. 
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MHCII expression is regulated mainly at the level of tran- 
scription [4, 5]. The promoters of MHCII and related 
genes are characterized by the presence of conserved 
sequence elements referred to as the W (or S), X, X2 and 
Y boxes (Fig. 1). The X box is bound by RFX (regulatory 
factor X), a trimeric complex composed of RFX5 (a mem- 
ber of the RFX family of DNA-binding proteins), RFXANK 
(also called RFX-B) and RFXAP [6-9]. The X2 box is rec- 
ognized by X2BR a complex that includes CREB [10]. 
Finally, the trimeric NF-Y complex, composed of NF-YA, 
NF-YB and NF-YC, binds to the Y box [1 1]. A number of 
proteins can bind the W box in vitro, including RFX [12], 
but none of them has been formally shown to be the 
functionally relevant W-box-binding protein in vivo. 

All of these factors binding to the c/s-regulatory elements 
of MHCII promoters are required for MHCII gene expres- 
sion. They bind cooperatively to the promoter to form a 
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Fig. 1. Activation and silencing of the MHC2TA gene. Posi- 
tive and negative influences on CIITA expression are indi- 
cated in green and red, respectively. DC, B cells, macro- 
phages, activated human T cells and TEC express CIITA 
constitutive!*/. The expression of CIITA is repressed during 
terminal differentiation of B cells into plasma cells and of 
immature DC into mature DC. CIITA expression is induced 
by IFN-y in most other cell types and this is repressed by 
many factors including cytokines (TGF-fJ, IL-4, IL-10 and IL- 
1), statins, negative feedback regulators (SOCS-1 and NO) 
and a growing number of pathogens, including Chlamydia, 
Mycobacterium BCG and MTB, Toxoplasma, varicella zoster 
virus, cytomegalovirus, parainfluenza virus type 3 and HIV. 
IFN-y-induced CIITA expression is also repressed in fetal 
trophoblasts. Both constitutive and IFN-y-induced CIITA 
expression are frequently silenced in tumor cell lines of vari- 
ous origins. 



highly stable macromolecular nucleoprotein complex 
referred to as the MHCII enhanceosome [13] (Fig. 1). The 
enhanceosome serves as a landing pad for the class II 
transactivator (CIITA) [13, 14]. CIITA is a non-DNA- 
binding coactivator that serves as the master control 
factor for MHCII expression [4, 5]. 

The enhanceosome components are expressed more or 
less ubiquitously and thus fail to account for either the 
cell-type-specificity or IFN-y-inducibility of MHCII 
expression. In contrast, CIITA exhibits a cell-type- 
specific, cytokine-inducible and differentiation-stage- 
specific pattern of expression that precisely parallels that 
of MHCII genes [4, 5] (Fig. 1). Thus, MHCir cells such as 
DC, B cells, macrophages and TEC express CIITA. In 
addition, CIITA expression is up-regulated by IFN-y in 
most other cell types and this induced expression is 
down-regulated by numerous other stimuli. In all of these 
situations it has been firmly established that it is indeed 
the expression of CIITA that is responsible for driving the 
activation of MHCII genes. The regulation of CIITA 
expression occurs primarily at the level of transcription 
of the MHC2TA gene. 

Numerous original articles have addressed the structure 
and mode of action of CIITA and this subject has been 
discussed in recent reviews [4, 5, 15, 16]. Here we will 
instead concentrate on the specificity of CIITA, the acti- 
vation of its expression in different cell types and its 
silencing under physiological and pathological condi- 
tions. 



2 The specificity of CIITA 

MHCII and related genes are undoubtedly the most 
important target genes of CIITA. In addition to the genes 
encoding classical MHCII molecules (HLA-DR, -DP and 
-DQ), CIITA activates the expression of several genes 
encoding accessory proteins required for MHCII- 
restricted antigen-presentation, namely the invariant 
chain (li), HLA-DM and HLA-DO [17-20]. It also contrib- 
utes, albeit to a lesser degree, to classical and non- 
classical MHCI expression [4, 1 6, 21 , 22]. The expression 
of multiple genes involved in antigen presentation is thus 
controlled either completely or in part by CIITA. This 
clearly remains the primary function of CIITA. However, a 
series of recent papers have suggested that CIITA may 
also be implicated in other functions within and outside 
the immune system (Table 1). 

IL-4, aTh2-type cytokine, was found to be aberrantly up- 
regulated in Th1 cells derived from CIITA knockout mice 
[23]. In addition, CIITA was reported to be expressed in 
wild-type CD4 + T cell preparations under Th1 but not Th2 
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Table 1. Previously known and novel targets of CIITA 
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Target gene Function Expression Comments Effect of CIITA Fold effect* Mechanism Ref. 
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■* The fold effect indicated is based on the assays described in foonotes b) to k). 

b) Absence of HLA-DR, -DP, -DQ mRNA and protein in CIITA deficient cells. 

c) H LA-DO mRNA levels in Raji compared with RJ2.2.5. 

* MHCI promoter activity (reporter gene assay) in transiently transfected HeLa cells. 
e) IL-4 production (ELISA) in CD4 + T cells from CIITA knockout mice. 

0 FasL mRNA and surface expression in T cells from CIITA knockout mice, and in transfected Jurkat cells and T cell hybridoma. 
s) Collagen a2 (I) mRNA in IFN-Y-induced 2fTGH cells compared with G3A cells (defective in IFN-Y-induced CIITA expression). 

* HIV expression (p24) and LTR promoter activity in Jurkat T cells stably transfected with CIITA and infected with HIV. 
q HIV- LTR activity in 293T, HL3T1 and Jurkat cell lines cotransfected with CIITA and Tat. 

D Plexin-A1 mRNA and protein in BM-DC from CIITA knockout mice. 

* Microarray study comparing gene expression in Raji and RJ2.2.5 cell lines. 
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conditions [23, 24]. Finally, transfection experiments 
suggested that CIITA might suppress IL-4 expression in 
Th1 cells by competing with NF-AT, a key IL-4 gene tran- 
scription factor, for binding to the general coactivator 
CBP [25]. These results led to the model that CIITA could 
be a Th1 -specific factor that functions as a repressor for 
IL-4 expression. However, our own studies do not sup- 
port this model. We found that endogenous CIITA 
expression is not regulated differentially during Th1 and 
Th2 differentiation in human or mouse T cells [26]. Fur- 
thermore, ectopic expression of CIITA in T cells does not 
repress IL-4 expression in Th2 cells, but results instead 
in a strong Th2 bias during CD4 + T cell activation [26]. 
The explanation for the discrepancy between our results 
and the earlier studies remains a matter of debate. 

As with the IL-4 gene, FasL expression was shown to be 
increased in CIITA knockout mice [24]. Overexpression 
of CIITA in T cells was also found to lead to repression of 
the FasL gene [27]. As in the case of the IL-4 gene, the 
mechanism was proposed to involve a competition 
between CIITA and NF-AT for binding to CBP [27]. 

The collagen a2 (I) gene has been reported to be 
repressed by CIITA [28, 29]. One mechanism proposed 
for this repression again involves the sequestration of 
CBP by CIITA [28]. The same mechanism may also be 
implicated in down-regulation of the thymidine kinase 
and cyclin D1 genes [28]. 

The promoter in the long terminal repeat (LTR) of the HIV 
provirus has attracted attention as a novel target of tran- 
scriptional regulation by CIITA. Expression of CIITA was 
reported to increase LTR promoter activity and HIV repli- 
cation in fibroblast and T cell lines [30, 31]. This was 
speculated to be relevant because CIITA is expressed in 
activated human T cells and macrophages, both of 
which are primary targets of HIV infection. However, 
although TGF-p is well known to inhibit the expression of 
CIITA, it instead stimulates HIV replication [32]. Further- 
more, in other studies HIV infection and LTR activity were 
found to be reduced in CIITA + cell lines [33, 34]. Consid- 
ering these conflicting findings it is presently not clear 
exactly how CIITA affects transcription driven by the HIV 
promoter in vivo under physiological conditions. 

It has recently been reported that the semaphorin recep- 
tor plexin-A1 is expressed abundantly in mature mouse 
DC and that this expression is dependent on CIITA [35]. 
This observation is particularly interesting because 
plexin-A1 expression was found to enhance the ability of 
APC to promote T cell stimulation. The mechanism 
through which CIITA drives plexin-A1 expression 
remains obscure. The promoter of Plxnal, the gene cod- 
ing for Plexin-A1, does not contain a characteristic 



W-X-X2-Y module [35], indicating that CIITA may be 
recruited by a mechanism distinct from that operating at 
MHCII genes. Alternatively, it has not been excluded that 
activation of the Plxnal promoter by CIITA could be indi- 
rect. The latter could explain why Plxnal expression is 
strongly increased after DC maturation [35] whereas the 
CIITA gene is in fact turned off during this process [36]. 

A recent microarray study has compared the gene 
expression profiles of the CIITA + B cell line Raji and its 
CIITA" counterpart RJ2.2.5 [37]. Over 40 genes whose 
expression appears to be modulated by CIITA were iden- 
tified in this study. These genes have diverse functions, 
some of which could have an impact on antigen- 
processing, intracellular signaling or cell proliferation. 
However, compared with the MHCII genes, the changes 
in their expression levels between Raji and RJ2.2.5 were 
quite modest [37]. Moreover, none of these genes was 
found to contain the characteristic W-X-X2-Y module 
and physical recruitment of CIITA to the regulatory 
regions of these genes has not been demonstrated. It 
thus remains to be demonstrated that they are indeed 
bona fide targets of CIITA. 

To determine whether the potential new target genes of 
CIITA are relevant in vivo, we have examined the expres- 
sion of several of them in mice that express CIITA ubiqui- 
tously and in mice lacking CIITA in defined cell types 
(unpublished data). Mice expressing CIITA ubiquitously 
[26] do not display a significant change in expression of 
any of the putative novel target genes tested, whereas 
the MHCII and related genes are strongly up-regulated in 
different organs including the liver, lung and kidney. Fur- 
thermore, in contrast to the MHCII and related genes, 
expression of the proposed novel target genes was 
found to be independent of CIITA, as no reduction in their 
expression was observed in B cells or IFN-y-induced 
fibroblasts from mice lacking CIITA in these cells (plll+IV 
knockout mice; see below). The importance of CIITA for 
expression of the putative new target genes is thus not 
evident in vivo. 

In conclusion, MHCII and related genes remain the major 
known targets of CIITA. There is growing evidence that 
CIITA may influence the expression of additional genes in 
certain cell types and under certain experimental condi- 
tions. However, it is not clear whether these genes are 
indeed bona fide targets of CIITA. In several cases CIITA 
may affect them via an indirect mechanism, for instance 
by sequestering another factor such as CBP. In other 
cases the molecular mechanisms involved remain 
unknown. Finally both the microarray analysis and our in 
vivo experiments in transgenic and knockout mouse mod- 
els indicate that the contribution of CIITA to the expres- 
sion of many of these genes is relatively minor at best. 
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3 Activation of CIITA expression 

3.1 The MHC2TA gene is controlled by 
differential promoter activities 

Expression of the gene encoding CIITA (MHC2TA) is con- 
trolled by four different promoters (pi to pIV) [38] (Fig. 2). 
Three of these promoters are highly conserved between 
the human and mouse genes (pi, pill and pIV). However, 
pll has only been found in the human gene. It displays 
only very low transcriptional activity and its significance 
remains unknown. The different promoters do not share 
any sequence homology and are not co-regulated. They 
are distributed over a large (>12 kb) genomic region. 
Each promoter precedes a distinct first exon that is 
spliced alternatively to the shared downstream exons. 
This leads to the production of three types of transcripts 
(type I, type III and type IV) possessing different 5' ends 
[38] (Fig. 2). 
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Fig. 2. Expression of the MHC2TA gene is controlled by 
three independent promoters having different functions: pi is 
active in cells of myeloid origin (conventional DC and IFN-y- 
activated macrophages); pill is used in cells of lymphoid ori- 
gin (all B cell subsets, activated human T cells and pDC); pIV 
is essential for responsiveness to IFN-y in non-BM-derived 
cells (endothelia, epithelia, fibroblasts and astrocytes) and is 
expressed constitutively in cTEC and mTEC. The three types 
of CIITA mRNA (white bars; types I, III and IV) initiated at pi, 
pill and pIV encode three different protein isoforms (black 
bars; 121, 124 and 132 kDa). These proteins differ only at 
their N-terminal ends. Colored bars represent exons. The 
boundary between the alternative first exons and the shared 
downstream exons is indicated by a vertical line. The posi- 
tions of translation initiation codons are indicated. 
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The shared second exon contains a translation initiation 
codon that can be used in all three types of transcript to 
give rise to a 1 106 amino acid protein. However, the first 
exons of the type I and type III transcripts each contain 
an additional in-frame translation initiation codon. Usage 
of these alternative initiation codons leads to the synthe- 
sis of protein isoforms of 1207 and 1130 amino acids, 
respectively. The three CIITA isoforms have apparent 
molecular weights of 132 kDa, 124 kDa and 121 kDa 
(Fig. 2). All three protein variants exist in vivo [36, 39]. 

Cell-type-specific and modulated expression of the 
MHC2TA gene are controlled by the differential activities 
of the three promoters. It is thus the sophisticated tran- 
scriptional control of the MHC2TA gene that dictates the 
cell-type-specific and inducible expression of MHO I 
genes. The specificities of the MHC2TA promoters were 
initially determined by examining their usage and activity 
in cell lines and primary cells in vitro. More recently, two 
new mouse strains (pIV and plll+IV knockout mice) have 
allowed us to define more precisely the function of each 
promoter in vivo. In pIV knockout mice, pIV is deleted but 
transcription from pi and pill is unaffected [40], In plll+IV 
knockout mice, pill and pIV have been excised and only 
pl-driven CIITA expression remains intact (unpublished 
data). In the following sections, we will discuss our cur- 
rent view of the differential usage of the CIITA promoters 
(Fig. 2). 



3.2 CIITA usage among different cell populations 
3.2.1 IFN-y-stimulated cells 

CIITA pIV is induced by IFN-y in most cell types [38, 
41-45]. A 300 bp promoter-proximal region is sufficient 
for the IFN-v response [38, 41, 43]. This region contains 
a GAS element, an E box and an IRF-1 -binding site, all 
three of which are required for induction in most cell 
types [38, 41 , 42, 44, 46]. The first two are bound coop- 
eratively by STAT-1 and upstream regulatory factor-1 
(USF-1) [41 , 42, 44]. STAT-1 is activated and translocated 
to the nucleus by the classical IFN-y signal transduction 
pathway. USF-1 is a constitutively expressed member of 
the basic helix-loop-helix / leucine zipper family. The 
IRF-1 -binding site of pIV is occupied by IRF-1. The syn- 
thesis of IRF-1 itself is induced by IFN-y. This depen- 
dence on IRF-1 explains the delayed kinetics of CIITA 
induction by IFN-y [47]. 

pIV knockout mice exhibit a highly selective abrogation 
of IFN-y-induced MHCII expression on a wide variety 
of cells of non-hematopoietic origin, including endothe- 
lia, epithelia, astrocytes and fibroblasts [40]. This pro- 
vides the formal proof that pIV is indispensable for 
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IFN-y-inducible MHCII expression in non-professional 
APC. 

In human fibrosarcoma and glioblastoma cell lines, a 5' 
flanking sequence situated approximately 5 kb upstream 
of the transcription initiation site of pill has been reported 
to confer IFN-y responsiveness [42]. The functional rele- 
vance of this sequence is supported by the presence of 
a DNasel hypersensitive site at this position in vivo [43]. 
The putative regulatory region acts as a STAT-1- 
dependent and IRF-1 -independent enhancer [43]. In 
contrast to these findings in human cells, pill does not 
seem to be inducible by IFN-y in primary rat astrocytes 
[48] or in mouse macrophages [40, 49]. Moreover, pill is 
not sufficient for driving IFN-Y-induced CIITA and MHCII 
expression in non-BM-derived cells of the pIV knockout 
mice [40]. There may thus be a species-specific differ- 
ence in the IFN-y-responsiveness of pill. 
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3.2.3 TEC 

MHCII molecules are constitutively expressed on cTEC 
and drive the positive selection of CD4 + T cells [1]. Unex- 
pectedly, cTEC of pIV knockout mice are MHCII" [40, 50]. 
This loss of MHCII expression results in the abrogation of 
positive selection of CD4 + T cells in the thymus [40, 50]. 
CD4 + T cell counts in the thymus and in the periphery of 
pIV knockout mice are reduced as strongly as in MHCII 
knockout mice. Thus pIV is absolutely essential for con- 
stitutive expression of CIITA in cTEC. It is also required in 
mTEC [50]. The molecular mechanism mediating pIV 
activation in TEC is not known. It must be independent of 
the IFN-y signaling pathway, because knockout mice 
lacking key components of this pathway, such as the 
IFN-y receptor, STAT-1 and IRF-1, have normal MHCII 
expression on cTEC and unperturbed positive selection 
of CD4 + T cells [50]. 



3.2.2 Macrophages 

The first analysis of CIITA promoter usage in macro- 
phages was based on the examination of monocyte/ 
macrophage cell lines. IFN-Y-induced human THP-1 
cells were for instance found to express CIITA type IV 
transcripts [38]. However, it is now clear that pIV is not 
the most important inducible promoter in macrophages. 
IFN-Y-induced macrophages of both the pIV and plll+IV 
knockout mice express MHCII molecules at normal lev- 
els, indicating that pIV is in fact not essential in these 
cells ([40] and unpublished data). 

Instead, the key promoter for sustaining CIITA and MHCII 
expression in IFN-Y-induced macrophages is pi rather 
than pIV. This is in sharp contrast to non-BM-derived 
cells, which remain MHCII' in the pIV and plll+IV knock- 
out mice (see above), indicating that they are strictly 
dependent on pIV. In wild-type macrophages, both CIITA 
type I and type IV transcripts are induced by IFN-y at 
early time points [49]. However, at later time points, type 
IV mRNA declines and CIITA expression is dominated by 
type I mRNA, which remains elevated for long periods of 
time [40, 49]. Induction of pIV is thus only transient while 
that of pi is sustained. It remains unknown how IFN-y 
activates pi. No IFN-Y-responsive sequences have been 
identified in the vicinity of pi. It is thus possible that IFN-y 
affects pi indirectly as a consequence of macrophage 
activation. The answer to this question awaits further 
dissection of the regulatory mechanisms controlling pi. 



3.2.4 B cells 

Transcription of the MHC2TA gene in B cells is initiated 
from pill. This was already evident from early studies 
using B cell lines [38, 51]. Our recent analysis of the 
plll+IV knockout mice has provided the final proof that 
pill is indeed essential for expression of the MHC2TA 
gene in all B cells in vivo, including B-1 and B-2 cells in 
the spleen, thymus, blood and peritoneum (unpublished 
data). A 320 bp promoter-proximal regulatory region of 
pill is sufficient for the B-cell-specific activity of pill [38, 
51]. This region contains five sequence elements that 
have been shown by genomic footprinting experiments, 
to be occupied in vivo in B cells [52]. At least two of these 
elements — activation response element (AREJ-1 and 
ARE-2 — are critical for proper activity [52]. In addition, 
the 5' untranslated region of pill seems to function as an 
important regulatory region in B cells [53]. 

3.2.5 T cells 

Activated human T cells express MHCII molecules [54, 
55]. This expression is regulated by CIITA induced from 
pill [55, 56]. Mouse T cells have also been shown to 
express low levels of CIITA after activation [23, 24, 26], 
but this expression is not sufficient to induce the pres- 
ence of MHCII molecules at the cell surface [26, 57]. As 
discussed before, in the section on the specificity of 
CIITA, there is a controversy concerning the differential 
expression of CIITA in Th1 and Th2 cells. Although others 
have proposed that CIITA is expressed in Th1 but not 
Th2 cells [23, 24], we have found no difference in CIITA 
expression between Th1 and Th2 cells either in humans 
or mice [26]. Certain differences have been observed 
between the molecular regulation of pill in B cells and 
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human T cells [55, 56]. These reflect a difference 
between the pathways leading to constitutive expression 
in B.cells and induced expression in activated T cells. 

3.2.6 Melanoma cells 

Some melanoma cells display an unusual constitutive 
expression of MHCII molecules. This aberrant pattern of 
expression is due to the constitutive activation of 
MHC2TA pill [58, 59]. It has been proposed that the 5' 
flanking sequence conferring IFN-y responsiveness to 
pill in human fibrosarcoma and glioblastoma cell lines 
[42] is implicated in constitutive expression of pill in 
these melanoma cells [58]. 

3.2.7 DC 

In DC, pi is the promoter used predominantly for CIITA 
expression. CIITA type I transcripts always represent a 
preponderant fraction in various DC preparations includ- 
ing ex vivo mouse splenip and thymic DC, mouse BM- 
derived DC, long-term mouse DC cultures and human 
monocyte-derived DC ([36, 38, 40, 60] and unpublished 
data). However, CIITA type III transcripts are also found 
in significant amounts in human monocyte-derived DC 
[36]. Surprisingly, the recently discovered plasmacytoid 
DC (pDC) or interferon-producing cells [61] are 
completely devoid of CIITA, and thus MHCII expression, 
in mice lacking pill (unpublished data). In agreement with 
this observation we have found that the expression of 
CIITA in pDC, unlike all other conventional DC subsets, is 
controlled by pill rather than pi. Thus, pDC can be 
uncoupled from conventional DC in terms of their molec- 
ular regulation of CIITA and MHCII expression. This is 
consistent with the notion that pDC may be more closely 
related to the lymphoid cell lineage [62]. 

In summary, the pIV and plll+IV knockout mice have pro- 
vided definitive evidence that differential CIITA promoter 
usage does indeed play an important physiological role 
(Fig. 2). Cells of myeloid origin (conventional DC and 
macrophages) rely mainly on pi for constitutive or IFN-y- 
induced CIITA expression. In cells of lymphoid origin (B 
cells, T cells and pDC) CIITA expression is driven almost 
exclusively by pill. Finally, pIV is indispensable for IFN-y- 
activated expression in non-professional APC and for 
expression in TEC. The three MHC2TA promoters are 
independent of each other and there appears to be no 
cross-talk between them. This point is demonstrated by 
the fact that individual promoters can be excised from 
the genome without affecting the specificity or activity of 
those that are retained. 
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4 Silencing of CIITA expression 

4.1 Repression of the MHC2A gene is important 
in physiological and pathological situations 

It has become increasingly evident over the past few 
years that repression of the CIITA gene plays a key role in 
the down-regulation of MHCII expression in various 
physiological and pathological situations. First, the 
down-regulation of MHCII expression is observed in nor- 
mal cells and tissues and this is likely to be important for 
homeostasis of the immune system, for the regulation of 
immune responses and for avoiding autoimmunity. Sec- 
ond, there is growing evidence that tumor cells may 
escape recognition and elimination by the host immune 
response by silencing MHCII expression. Finally, several 
pathogens have acquired mechanisms to evade immune 
surveillance by inhibiting MHCII expression. As a general 
rule, the inhibition of MHCII expression in these situa- 
tions is mediated by repression of the MHC2TA gene 
(Fig. 1). 



4.2 Down-regulation of MHCII expression in 
normal cells 

4.2.1 CIITA silencing during DC maturation • • 

In response to a variety of stimuli, such as infections by 
bacteria or viruses, immature DC are induced to undergo 
profound changes in their morphology and function. 
Changes in the synthesis, peptide-loading and cellular 
localization of MHCII molecules represent key aspects of 
this maturation process. The density of MHCII molecules 
expressed at the cell surface is increased as a result of 
changes in the intracellular localization and stability of 
pre-existing MHCII proteins. In contrast, de novo synthe- 
sis of MHCII molecules is shut down. This reduction in 
MHCII synthesis during DC maturation is a consequence 
of a rapid transcriptional inactivation of the MHC2TA 
gene [36]. This is mediated by a global repression mech- 
anism implicating histone deacetylation over a large 
domain spanning the entire MHC2TA regulatory region 
[36]. 



4.2.2 CIITA silencing in plasma cells 

Expression of the MHC2TA gene is actively silenced dur- 
ing terminal differentiation of B cells into plasma cells 
[63, 64]. The sequence elements of pill that are occupied 
in normal B cells are completely bare in plasma cells [52, 
63]. The human positive regulatory domain I binding 
factor-1 (PRDI-BF1) [65] and its mouse homologue B- 
lymphocyte-induced maturation protein-1 (Blimp-1) [66] 
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have been proposed to play a crucial role in the repres- 
sion of pill in plasma cells [67, 68]. PRDI-BF1/Blimp-1 is 
up-regulated when B cells differentiate into plasma cells 
[69]. It has also been shown to drive, at least partially, the 
final differentiation of B cells into plasma cells if 
expressed ectopically in BCL1 lymphoma cells [69]. 
PRDI-BF1/Blimp-1 can bind in vitro to a sequence situ- 
ated in the promoter-proximal region of pill [67, 68], 
However, no occupation of this site is seen in in vivo 
footprint experiments performed with plasma cells [52]. 
The mechanism by which PRDI-BF1/Blimp-1 silences 
the MHC2TA gene thus remains to be clarified. 



4.2.3 Inhibition of IFN-y-induced CIITA 
expression 

IFN-y-activated expression of CIITA can be suppressed 
by a number of different stimuli including TGF-0, IL-1 , IL- 
4 and : IL-10 [45, 70-72]. TGF-f} markedly attenuates IFN- 
y-induced CIITA expression. The inhibitory mechanism 
involves inhibition of MHC2TA transcription [70-72]. Sur- 
prisingly, TGF-p does not affect IFN-y-induced phos- 
phorylation of JAK-1 , JAK-2 or STAT-1 . Nor does it inter- 
fere with binding of STAT-1, USF-1 or IRF-1 to pIV of the 
MHC2TA gene [73, 74]. Moreover, TGF-p even inhibits 
basal non-induced expression levels of pIV [42, 75]. 
Finally, the activity of the putative IFN-y response ele- 
ment situated upstream of pill is also inhibited by TGF-p 
[43]. Dong et al. have reported that Smad-3 is essential 
for the inhibitory effect of TGF-p on CIITA expression 
[74]. IL-1, IL-4 and IL-10 have also been shown to exert 
an inhibitory effect on CIITA transcription in human astro- 
cytes (IL-1) [45] and in mouse microglia (IL-4 and IL-10) 
[72]. The role of IL-4-mediated CIITA inhibition seems to 
be cell-type-dependent. 

IFN-y-induced gene activation is generally a transient 
event. Suppressor of cytokine signaling-1 (SOCS-1) has 
been shown to be induced by IFN-y and this protein neg- 
atively regulates the IFN-y signal transduction pathway 
by binding to JAK-2 and inhibiting its kinase activity [76, 
77]. SOCS-1 can thus also suppress IFN-y-activated 
expression of pIV of the MHC2TA gene [46]. Similar to 
SOCS-1, nitric oxide — which is produced by macro- 
phages upon IFN-y stimulation — may act as a feedback 
inhibitor of MHCII synthesis by inhibiting INF-y-induced 
CIITA expression [78]. 

Statins (HMG-CoA reductase inhibitors), which are well 
known for their cholesterol-lowering effect, have been 
shown to exhibit a number of anti-inflammatory proper- 
ties. Among other effects, they repress IFN-y-induced 
MHCII expression by inhibiting activation of the MHC2TA 
gene [79, 80]. Statins may thus be of potential interest as 
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a treatment in clinical situations where repression of 
MHCII-dependent T cell activation is desired. Such situ- 
ations include immunosuppression following organ 
transplantation or autoimmune diseases such as multi- 
ple sclerosis and rheumatoid arthritis [79-81]. 



4.2.4 CIITA silencing in trophoblasts 

Fetal trophoblasts lack expression of MHCII molecules, 
both constitutively and after exposure to IFN-y. The 
absence of MHCII molecules on trophoblasts is thought 
to play a critical role in preventing rejection of the fetus 
by the maternal immune system. The inability of tropho- 
blasts to express MHCII genes is primarily due to the 
lack of CIITA expression [82, 83]. It has been shown that 
pIV is hypermethylated at CpG dinucleotides in tropho- 
blast cell lines and primary trophoblasts [84, 85]. This 
has been shown to block the activation of pIV by inhibit- 
ing the binding of STAT-1 and IRF-1 as well as the ensu- 
ing chromatin remodeling [86]. Recently, an additional 
intriguing mechanism has been proposed to be impli- 
cated in MHCII silencing in trophoblasts [87]. It involves 
a trophoblast-derived non-coding RNA that is able to 
suppress IFN-y-induced CIITA expression through an 
inhibitory domain in pIV. 



4.3 CIITA silencing in tumor cells 

MHC molecules play a pivotal role in presenting tumor- 
derived antigens and hence in activating and regulating 
antitumor immune responses [88, 89]. Consequently, 
one strategy employed by malignant cells for evading 
recognition and elimination by the immune system 
involves the loss or down-regulation of MHC expression 
[88, 89]. The partial or complete loss of MHCI expression 
is frequently observed because cytotoxic CD8 + T cells, 
which recognize antigenic peptides presented by MHCI 
molecules, constitute the primary effector cells mediat- 
ing tumor rejection [90]. However, efficient and long- 
lasting antitumor immunity requires help provided by 
CD4 + cells during both the priming and effector phases 
of the antitumor response [91, 92]. The loss of MHCII 
expression on malignant cells is thus also a commonly 
observed escape strategy. 

The loss of constitutive MHCII expression is observed in 
tumor cells of hematopoietic origin, particularly in B and 
T cell malignancies [93-95]. Moreover, the inability to 
induce MHCII expression in response to IFN-y is often 
associated with tumor cells of non-hematopoietic origin 
[58, 95-100]. There is growing evidence that this inability 
to express MHCII results from epigenetic silencing of the 
MHC2TA gene [95-102]. The regulatory regions of the 
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MHC2TA gene have been found to be hypermethylated 
at CpG dinucleotides in MHCIT T cell leukemias, B cell 
lymphomas and various tumor cells that are unable to 
express MHCII upon exposure to IFN-y, including terato- 
carcinoma, choriocarcinoma, neuroblastoma, erythro- 
leukemia and small cell lung cancer [95, 97, 100-102]. 
Histone deacetylation rather than DNA hypermethylation 
has been implicated in silencing of MHC2TA expression 
in several squamous cell carcinoma cell lines [103]. 



4.4 Repression of CIITA expression by 
pathogens 

Pathogens have developed a wide variety of strategies 
to escape immune surveillance by their hosts [104, 105]. 
In order to inhibit the establishment of a protective 
immune response, several bacteria and viruses down- 
regulate MHCII expression and thus prevent the activa- 
tion of specific CD4 + T cells. They achieve this by inter- 
fering with the function or expression of CIITA. 

The intracellular bacterium Chlamydia down-regulates 
CIITA expression by inducing the degradation of USF-1 , a 
ubiquitous factor that is required for the activation of pIV 
of the MHC2TA gene [106]. Infections with Mycobacte- 
rium bovis bacillus Calmette-Guerin (BCG), Mycobacte- 
rium tuberculosis (MTB) or Toxoplasma gondii also down- 
regulate CIITA expression, but the precise mechanisms 
that are involved remain poorly defined [107-109]. The 
MTB 19-kDa lipoprotein inhibits IFN-y-induced MHCII 
expression in macrophages by preventing the induction of 
CIITA type I and type IV mRNA. Interestingly, it seems to 
exert its negative effect on IFN-y signaling by inhibiting 
IRF-1, independently of SOCS-1 and STAT- 1 [108]. 

Varizella zoster virus, human cytomegalovirus (CMV) and 
human parainfluenza virus type 3 (HPIV3) also inhibit 
IFN-y-induced CIITA expression [110-113]. Varizella 
zoster virus does so by interfering with the IFN-y signal- 
ing pathway. It blocks STAT-1a and JAK2 expression and 
therefore transcription of the downstream IRF-1 and 
CIITA genes [110]. Infection with CMV can direct JAK-1 
to the proteasome for degradation or affect the IFN-y 
signaling pathway downstream of STAT phosphorylation 
and nuclear translocation [111,112]. The inhibitory effect 
of HPIV3 on IFN-y-induced CIITA expression is due to a 
defect downstream of STAT-1 activation, but the precise 
mechanism remains unclear [113]. Finally, as mentioned 
earlier, the HIV Tat protein can inhibit MHCII expression 
by interfering with the function of CIITA in HIV-infected or 
Tat-transfected fibroblasts and T cell lines [34, 1 14]. Tat 
does this by competing with CIITA for binding to cyclin 
T1 , a component of the transcriptional elongation com- 
plex P-TEFb [34, 114]. 
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Taken together, these findings demonstrate that many 
pathogens have acquired a means to target the IFN-y 
signal transduction pathway. Among other conse- 
quences, this results in the inhibition of IFN-y-induced 
CIITA and MHCII expression, which may favor the 
escape from immune surveillance and thus facilitate the 
establishment of persistence. It will be of great interest to 
dissect in greater detail the strategies used by patho- 
gens to interfere with CIITA and MHCII expression. This 
may contribute to the design of new approaches for 
fighting these pathogens. 
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The presentation of peptides to T cells by MHC class 
II molecules is of critical importance in specific recog- 
nition by the immune system. Expression of class II 
molecules is exquisitely controlled at the transcrip- 
tional level. A large set of proteins interact with the 
promoters of class II genes. The most important of 
these is CIITA, a master controller that orchestrates 
expression but does not bind directly to the promoter. 
The transcriptosome complex formed at class II pro- 
moters is a model for induction of gene expression. 

One of the keys to the development of a specific immune 
response to a pathogen is held by MHC class II mole- 
cules (Cresswell, 1994; Nelson and Fremont, 1 999). Un- 
like class I membrane glycoproteins, which are widely 
expressed, class II molecules are generally restricted to 
a subset of antigen presenting cells, such as macro- 
phages, dendritic cells, and B cells. Their expression 
can be induced on other cells types after stimulation 
with cytokines such as interferon 7. MHC class II mole- 
cules are responsible for presenting peptides derived 
from extracellular pathogens to T cells bearing the CD4 
marker. There are three classical class II molecules in 
man: H LA-DP, -DQ, and -DR. Mice only express proteins 
orthologous to the last two, A and E, respectively. In 
addition to these structures, both species encode so- 
called nonclassical molecules, namely HLA-DM and -DO 
in man, and M and O in mouse. These molecules do not 
normally reside at the cell surface, and they do not 
present antigens; instead, they modulate binding of pep- 
tides to the classical structures. Each class II molecule 
is a heterodimer of an a chain and a p chain. The tran- 
scriptional control of this family of genes has been ex- 
tensively studied. Numerous DNA binding transcription 
factors as well as a master coactivator (CIITA, class II 
transactivator) have been identified. A clear picture of 
the roles of these factors in the induction of chromatin 
changes and in the formation of an active transcripto- 
some has emerged, rendering this a model system to 
study these issues. In addition, mounting evidence 
shows that the regulation of class II MHC genes is highly 
relevant to some important diseases. This review pro- 
vides a brief background to the genetics, structure, and 
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function of class II, and then focuses on regulation of 
expression of MHC class II genes. 

Class II Region and Genes 

The a and p chains of each class II molecule are encoded 
by separate genes in the class II region of the MHC 
(Figure 1A) (Allcock et al., 2000; Beck and Trowsdale, 
1999; Gunther and Walter, 2001). In all cases, except 
for HLA-DO, the pairs of genes are encoded adjacently. 
Some of the genes are duplicated, one copy of each 
being functional in the case of DP and DQ. DRB is a 
special case, as there can be more than one functional 
copy per haplotype, in addition to nonfunctional pseu- 
dogenes. Each mouse haplotype also contains two 
H-2M p chain genes, Mb 1 and Mb2, both of which are 
functional. Class II sequences obviously arose by re- 
peated duplications. These must have taken place at 
several different periods throughout evolution of the 
class II gene family. The DM sequence is only weakly 
related to other class II sequences and probably resulted 
from an ancient gene duplication. In contrast, DO se- 
quences are ~60% identical to DR. DRB loci are highly 
similar and must represent recent duplications. 

The class II region of the human and rodent MHCs 
also harbors a small group of genes involved in antigen 
processing, which encode the TAP transporters as well 
as interferon -induced proteasome components. Some 
class I genes are tightly linked to the class II region, at 
the centromeric end of the MHC, in rodents, but not in 
humans. This end of the extended class II region also 
contains the gene for TAPASIN, which is involved in 
antigen processing for loading class I molecules. 

A feature of the MHC is the high degree of linkage 
disequilibrium across the complex, and the region is 
divided into extended units, or haplotypes (Dawkins et 
al., 1 999). It is not established whether this is maintained 
by selection, polarized recombination, or founder ef- 
fects, but genetic recombination in the MHC class II 
region is highly focused into hotspots (Cullen et al., 1997; 
Jeffreys et al., 2001). In terms of class II, explanations 
could be invoked for maintaining certain combinations 
of alleles of different genes in cis relationship. Both 
chains of HLA-DQ and H-2A are polymorphic, and partic- 
ular DQ and H-2A a and p chains do not pair efficiently. 
In most populations studied to date, one rarely finds a 
and p alleles encoding these unstable heterodimers on 
the same haplotype. For example, DQw1 -associated 0 
chain is not found together with a DQw-2, -3, or -4 
associated a chain and vice versa. The haplotypes con- 
taining these unstable heterodimers are generally 
thought of as "forbidden." Some exceptions to this gen- 
eral rule may be identified, especially in small isolated 
populations (Grahovac et al., 1998). 

Class li Proteins 

Each class II heterodimer consists of two integral mem- 
brane proteins of around 26 kDa (Figure 1 B). The differ- 
ences in size of the a (32 kDa) and p (29 kDa) chains 
are mainly attributed to differences in N-linked glycosyl- 
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Figure 1. Genetics and Loading of MHC Class II 

(A) Schematic maps of the MHC class II regions in man and mouse. 
The main genes are shown, including classical class II molecules 
(yellow). Pseudogenes are hatched. Nonclassical class II genes are 
pink (DO) and dark blue {DM). Antigen-processing genes for loading 
peptides onto class I molecules are in purple and green. 

(B) Simplified mechanism for DM-mediated peptide exchange on 
DR molecules. Class II dimers assemble with li in the ER to form a 
nonameric complex of an li trimer and three class II dimers. The 
complexes are transported to specialized lysosome-like compart- 
ments for loading of antigenic peptides. In these vesicles, the li 
chain is hydrolyzed to leave class II bound to the li derivative, CLIP. 
DO (not shown) is also associated with DM in the ER and it travels 
with DM. Peptide exchange is catalyzed by DM, by stabilizing the 
transition state. 



ation. The a and p chains of all classical class II mole- 
cules have the same overall conformation, each con- 
sisting of two extracellular domains, a1 and a2, and 
pi and p2, respectively. The membrane-distal domains 
combine to form a single peptide binding site composed 
of two antiparallel a-helical loops supported by a plat- 
form of eight antiparallel p strands. These domains fea- 
ture the high level of polymorphism exhibited by MHC 
molecules. A conserved disulfide bond connects the 
a-helical region of the pi domain to a strand in the 
platform floor (piOcys to p78cys). The DM molecule 
contains two additional disulfide bonds (a 24-79 and p 
25-35). 

The groove of class II, like that of class 1 molecules, 
is capable of binding a wide range of peptides. Peptides 
bind to class II in an extended conformation. In contrast 
to class I, the N and C termini of class ll-bound peptides 
may extend beyond the ends of the groove. The peptide 
is held by a series of hydrogen bonds between the pep- 
tide backbone and conserved amino acid side chains 
lining the groove. Since the bonds do not involve peptide 



side chains, they confer sequence-independent binding. 
This may explain how class II molecules can bind multi- 
ple peptides with high affinity and low specificity. The 
three-dimensional structure of the nonclassical class II 
molecule, HLA-DM, reveals its unique function (Alfonso 
and Karlsson, 2000; Mosyak et ai., 1998). The peptide 
binding site is altered to an almost fully closed groove, 
and the a helixes of the a1 and p1 domains contact 
each other over the first and last thirds of their length. 
A cavity remains at the center of the membrane-distal 
portion of the molecule, forming a deep, polar pocket, 
10 A wide and 10 A deep. This pocket is conserved 
in orthologous molecules from other species, such as 
H-2M. It could bind the end of a peptide, but is not as 
large as the lipid binding CD1 pocket. The molecule also 
has a tryptophan-rich lateral surface that may bind the 
other nonclassical class II molecule, HLA-DO. MHC 
class II molecules pack as pairs of heterodimers in some 
crystals, and the possibility of "dimers of dimers" form- 
ing at the cell surface has fuelled speculation about 
the stoichiometry of interaction with T cell receptors. 
Evidence for dimer pairs is controversial (Schafer et al., 
1995). 

Polymorphism 

Classical class II sequences exhibit an extraordinary 
degree of variation that is concentrated on the amino 
acid residues that shape the peptide binding site. The 
involvement of selection in the maintenance of the poly- 
morphism is suggested by the finding of a high level of 
nonsynonymous codon changes. This is in contrast to 
most other genes, as well as the membrane-proximal 
domains (a2 and p2), where synonymous variation nor- 
mally predominates. Except for DQA and Aa, the se- 
quences encoding the a chains are generally less vari- 
able. There are few alleles of Ea and DRA, with 
conservative amino acid changes. Generation of the 
polymorphism could be due to point mutation, but the 
mutation rate is not especially inflated compared to 
more conventional genes. It is likely that "allele conver- 
sion" (double crossover to replace a short section of an 
allele) has taken place repeatedly, because the alleles 
have the semblance of being "patchworks" of each 
other. Some alleles could have arisen by recombination, 
using single crossovers. Gene conversion has also been 
proposed as a possible mechanism for incorporating 
sequences from other linked class II genes. There is 
evidence for this mechanism in conversion of class I 
sequences in mice. 

The nonclassical class II molecules are relatively in- 
variant. Some alleles of both HLA-DM and -DO have 
been described, but these vary by small numbers of 
amino acids and, so far, have no known functional signif- 
icance. 

Peptide Loading, li, and the Role of DM 
Soon after synthesis, classical class II molecules associ- 
ate in the endoplasmic reticulum (ER) with a third pro- 
tein, a type II (i.e., of inverted orientation) membrane 
glycoprotein called invariant chain (li) (Cresswell, 1996) 
(Figure 1 B). The combined proteins form a nonameric 
structure, consisting of three li chains, arranged as a 
core, surrounded by three classical class II heterodi- 



Molecular Control and Genetics of MHC Class II 
S23 



mers. The grooves of the class II molecules are occu- 
pied, in the nonamer, by a section of the li chain called 
CLIP. This may help to avoid loading of the groove with 
ER-resident proteins, as is the case for class I. The main 
function of invariant chain seems to be as a chaperone to 
ensure correct folding and egress of class II. It contains a 
di-leucine targeting signal in its cytoplasmic tail which 
helps to divert the nonamer from the default secretory 
pathway to lysosomal-like vesicles, called MIIC (for MHC 
class II compartment), where peptide is eventually 
loaded. Before this can take place, however, li is de- 
graded by lysosomal proteases such as cathepsin L 
and S. It is progressively cleaved, leaving just the CLIP 
fragment itself occupying the groove. 

The MIICs are depots where the class II molecules, 
groomed in this way, meet up with antigenic peptides 
that come from degradation of exogenous proteins. 
These may be internalized either by endocytosis or by 
interaction with surface receptors on antigen presenting 
cells (APCs). For example, proteins bound to surface 
antibodies are internalized on B cells. Other cells may 
take up antibodyiantigen complexes using the range of 
Fc receptors. Lectin-like receptors, such as mannose 
receptors, may be invoked to deal with glycoproteins. 
Topologically, peptide loading in MIIC vesicles is "out- 
side" in that it is separated by membrane from the cyto- 
plasm. 

Efficient exchange of CLIP for antigenic peptides is 
mediated by DM (Sanderson and Trowsdale, 1995). The 
structure of the DM molecule reveals that it is highly 
unlikely to bind peptides and the groove of DM is effec- 
tively sealed (Mosyak et al., 1998). Moreover, at steady 
state, most of the DM molecules reside in the MIIC 
vesicles. DM binds transiently to class IkCLIP and stabi- 
lizes an intermediate state where CLIP is released, 
allowing other peptides to bind. A speculative model 
proposes that DM contacts DR "shoulder to shoulder": a 
conserved tryptophan residue (a62 Trp) in DM interacts 
with a51 Phe of DR, at the extended strand where the 
class II groove differs from that of class I, near pocket 
1 (Nelson and Fremont, 1999; Doebele et al., 2000). This 
interaction could result in destabilization of several pep- 
tide:MHC bonds, lowering the free energy barrier to pep- 
tide dissociation. DM stabilizes the open transition con- 
formation of DR, favoring faster peptide association, in 
the MIIC environment that is rich in imported, antigenic 
peptides. The class II molecule may be quite flexible 
around the first, hydrophobic pocket in the absence of 
bound antigenic peptide. A more rigid conformation is 
probably generated after filling of pocket 1 , which would 
render the molecule less susceptible to the effects of 
DM (Chou and Sadegh-IMasseri, 2000). The side chains 
in CLIP could be structured in such a way as to permit 
binding to all classical class II molecules but release 
from the groove under appropriate conditions, such as 
in the presence of DM and in the low pH of the MIIC 
vesicle. CLIP can be regarded therefore as a disposable 
stuffer. Once antigenic peptide is stably bound, DM may 
lose its association for class II. Alternatively, DM may 
be released at the cell surface, to be retargeted to MIICs. 
The cytoplasmic tail of DM (3 contains a tyrosine- based 
targeting signal (Copier et al., 1996). 

The complex of classical and nonclassical class II 
molecules in the MIICs associates with tetraspan mole- 



cules CD63 and CD82, which may also play a role in 
the later stages of class II maturation (Hammond et aL, 
1998). 

The Role of DO 

The second nonclassical class II molecule HLA-DO 
arose at a later stage of evolution to HLA-DM (Haas et al., 
1 987). DO is also monomorphic and, like DM, it resides in 
MIICs. It appears to require association with DM to ac- 
cess these vesicles. In some hands, DO appears to 
counteract the effect of DM, in a pH-dependent manner. 
Its effects may be optimal at pH 6, blocking peptide 
exchange in early endosomes. DO does not work as 
well at pH 5, the condition which favors DM-mediated 
peptide exchange in MIIC vesicles. A simple model to 
account for the action of DO would be for both DR and 
DO to compete for the same site on DM. 

There is no consensus on the precise function of DO, 
and in some experiments it seems to enhance peptide 
exchange (Kropshofer et al., 1 999). A clue to the function 
of DO may be provided by its expression, which is re- 
stricted mainly to B cells. Indeed, control of transcription 
of DOB may be less dependent on the CIITA transcrip- 
tion factor and induction by IFN-7 (see below). In B cells, 
DO may help to refine peptide loading to a restricted 
subset of class II molecules. 

Expression of Class II 

Class II molecules are constitutively expressed on cells 
that serve as APCs for CD4+ T cells, such as macro- 
phages, monocytes, dendritic cells, and B cells; they 
may be induced on other cells by IFN-7. Class II expres- 
sion is also modulated by other agents, such as IL-4, 
IL-10, IFN-ot/p, TNFa, and glucocorticoids. Concomitant 
expression of all three classical molecules is usually 
observed, although exceptions exist. Some B cells ex- 
press solely DQ and others only DR. This raises the 
important question of whether the different class II iso- 
types exert distinct T cell functions, or whether they 
merely enlarge the peptide binding repertoire. Distinct 
functions have been suggested for HLA-DQ and -DR, the 
former being more likely to "suppress" some responses 
(Hirayama et al., 1987). These observations may enjoy 
renewed interest now that suppression of T cell re- 
sponses by T cells has finally gained credibility. This 
issue is of crucial importance in view of the association 
of class II loci with a vast array of autoimmune condi- 
tions—an association which is still not fully explained. 

Clearly, precise regulation of class II expression is 
critical. To address this, much effort has been devoted 
to the analysis of MHC class II promoters and the tran- 
scription factors that are involved in their regulation. 
The following sections are devoted to these aspects of 
MHC class II. 

Promoter Motifs 

One of the outstanding features of MHC class II loci is 
that not only the structural genes, but also the promoter 
elements, are remarkably conserved. All the classical 
and nonclassical class II promoters, including that for 
li, contain three elements— S (also W or Z), X, and Y— 
which are necessary for optimal constitutive and cyto- 
kine-induced gene expression. These sequences have 
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Table 1. Representative MHC Class II Defective Cell Lines 
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been extensively reviewed elsewhere (Benoist and 
Mathis, 1990; Glimcher and Kara, 1992), and will not 
be discussed here in detail. In addition to sequence 
conservation, the stereospecific alignment (i.e., DNA he- 
lical orientation and spacing) of the three elements is 
also critical (Harton and Ting, 2000). These data strongly 
implicate a model in which proteins binding to the S/W, 
X, and Y elements must bind in a spatially-restricted 
fashion to allow direct interactions among them, and/ 
or interaction with a coactivator to form the active tran- 
scriptosome complex (see below). 

Bare Lymphocyte Syndrome (BLS) 
A discussion of the field of MHC class II regulation would 
not be complete without considering the heterogeneous 
group of genetic disorders, collectively called BLS or 
MHC class II deficiency (MIM209920). Several excellent 
reviews have appeared elsewhere (DeSandro et al., 
1 999; Reith and Mach, 2001 ), and only a brief discussion 
directly relevant to this review follows. BLS is a rare 
immunodeficiency inherited as an autosomal recessive 
disease; it arises due to a high degree of consanguinity in 
patients' families. Patients typically suffer from frequent, 
severe bacterial, fungal, or viral infections. Cells from 
the typical BLS patient lack constitutive and inducible 
expression of all MHC class II genes, including the a 
and p chains of DR, DP, and DQ. These patients exhibit 
severely hampered T cell activation and greatly reduced 
CD4 + cells, although a recent report has described a 
family with a L469P mutation in CIITA that presents as 
an attenuated clinical course accompanied by residual 
MHC class II expression (Wiszniewski et al., 2001). In 
all cases that were tested, the MHC class II genes were 
not structurally defective, since fusions between defec- 
tive cells and a normal cell invariably lead to surface 
expression of class II from the genotypes of both cells. 
EBV-transformed B cell lines obtained from these pa- 
tients have proven invaluable in deciphering the regula- 
tory pathway of MHC class II genes (Table 1; partly 
adapted from Reith and Mach, 2001 , with permission, 
from the Annual Review of Immunology, Volume 19. 
©2001 by Annual Reviews, www.annualreviews.org). In 
addition to B cell lines obtained from BLS patients, sev- 
eral mutant cell lines have been generated in vitro, pri- 
marily based on the lack either of constitutive MHC 
class II expression or of IFN-7-induced MHC class II 
expression. Somatic cell fusions of BLS-derived cell 
lines and/or in vitro generated class ll-negative cell lines 
have led to the delineation of four complementation 
groups. Additionally, two atypical cases represented by 



twins (KEN/KER) in whose B cells DRB, DQB, and DPA 
are not expressed have been reported (Douhan et al., 
1996; Hauber et al., 1995). The in vitro generated MHC 
class ll" /_ cell line, G3A, also represents an atypical 
case. In this cell line, although X and Y binding proteins 
appear to be normal, CIITA induction by IFN-7 is not 
optimal, and the introduction of exogenous MHC2TA 
restores class II expression (Chin et al., 1 994). Except 
for these atypical cases, where the genetic defect is 
undefined, it is now clear that each complementation 
group has a specific defect in a transcription factor that 
is necessary for MHC class II expression (see below) 
(Reith and Mach, 2001). 

Transcription Factors and Coactivator 
The initial characterizations of proteins that bind directly 
to MHC class II promoters identified both constitutively 
and ubiquitously expressed factors (Figure 2A). The Y 
element, a canonical CCAAT box, is bound by NF-Y/ 
CBF, a molecule that is conserved from yeast to human 
(Maity and de Crombrugghe, 1998; Mantovani, 1999). 
NF-Y binds to DNA as a heterotrimer consisting of A, 
B, and C subunits. The B and C subunits contain histone- 
fold motifs that are similar to eukaryotic histones H2A 
and H2B and an archaebacterial histone-like protein. 
The RFX factor, also a trimer, binds to the X1 element 
(Durand et al., 1997; Masternak et al., 1998; Nagarajan 
et al., 1999; Steimle et al., 1995). It consists of RFXANK/ 
RFXB, RFX5, and RFXAP, and defects in each define the 
BLS complementation groups B, C, and D, respectively 
(Table 1 ). RFX5 belongs to the RFX family of DNA binding 
proteins, and it was identified by complementation clon- 
ing using the MHC class II defective cell line, SJO 
(Steimle et al., 1995). RFX5 has a DNA binding domain 
and a C-terminal domain that interacts with NF-Y (Reith 
and Mach, 2001 ). The other two components of the com- 
plex that bind X1 were identified by biochemical purifi- 
cation. RFXANK/RFXB has ankyrin repeats typically 
thought of as mediating protein-protein interactions. 
These repeats provide an interaction platform to assem- 
ble the RFX complex by interacting with RFXAP, RFX5, 
and CIITA. A single nucleotide mutation in the ankyrin 
repeats results in abrogation of the RFXANK-RFXAP 
interaction in a BLS cell line, affirming the importance 
of these repeats (Nekrep et al., 2001). RFXAP, or RFX- 
associated protein, contains acidic, basic, and gluta- 
mine-rich sequences (Masternak et al., 1998). A recent 
report has shown that only the C terminus of RFXAP is 
essential for function, and different segments within this 
region are required for allele-specific class II expression 
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Figure 2. Molecular Regulation of MHC 
Class II 

(A) A prototype MHC class II promoter and 
transcriptosome. The MHC class II promoter, 
its cognate DNA binding factors (NF-Y, 
CREB, and RFX), and the coactivator, CIITA, 
are shown. Positioning of the RFX subunits 
is drawn according to Westerheide and Boss 
(1 999). Interactions among the DNA binding 
factors, CIITA, general transcription factors 
(TAFs), and HATs are indicated. The tran- 
scriptional elongation factor, pTEFb, is also 
shown. 

(B) Negative and positive regulation of MHC 
class II and CIITA. Positive or negative regula- 
tory processes typically target CIITA tran- 
scription or protein, which then targets MHC 
class II expression. (Left) Positive regulators 
include IFN- 7 , IL-4, LPS, and IL-1. The path- 
way for IFN-7 is best delineated, involving 
the induction of P3 through STAT1, and the 
induction of P4 through IRF-1, IRF-2, and 
STAT1. (Right) Negative regulators include 
TGF-0, IL-10, IFN-p, and nitric oxide. Sup- 
pression of CIITA PA expression by TGF-p 
requires SMAD3, while suppression of CIITA 
function by IFN-p requires ISGF3. It is unclear 
which promoters are affected by IL-10, NO, 
and IFN-0. PGE inhibits CIITA protein func- 
tion by PKA-mediated phosphorylation. In addition, epigenetic events such as histone deacetylation and DNA methylation, and developmental^ 
expressed molecules such as BLIMP1 , negatively regulate CIITA production. HDACs also controls MHC class II expression through a CIITA- 
independent pathway. Dark blue ovals represent cell nuclei. 




Positive Regulation 



Negative Regulation 



(Peretti et al., 2001). In addition to its specificity for 
the X1 element, the RFX complex also binds the S/W 
element (Jabrane-Ferrat et al., 1996). Finally, a protein 
which binds to the X2 box was purified and then identi- 
fied as CREB (Moreno et al., 1999). CREB is bound to 
the MHC class II promoter as shown by the chromatin 
immunoprecipitation (ChIP) assay. It also interacts with 
CIITA and RFX, forming a final anchor in the large tran- 
scriptosome complex. 

The DNA binding proteins mentioned above are all 
constitutively expressed, which cannot explain the cell- 
specific, cytokine-induced, and developmentally regu- 
lated expression of MHC class II genes. The isolation 
of the MHC class II transactivator gene (MHC2TA) solved 
much of this problem, and remains one of the seminal 
discoveries in the field (Steimle et al., 1993). MHC2TA 
was identified by complementation cloning of the 
RJ2.2.5 cell line (see Table 1) using an EBV-based epi- 
somal cDNA library. Complementation of RJ2.2.5 with 
a vector containing MHC2TA, encoding CIITA, resulted 
in the expression of surface class II antigens. Because 
CIITA does not bind DNA, it is an authentic transcrip- 
tional coactivator, defined as a transcription factor that 
mediates its function through interaction with other pro- 
teins. Long thought to be unique, CIITA is now recog- 
nized as a founding member of the NACHT protein fam- 
ily, which share several domains, including NTPase and 
Walker A and B motifs, and have roles in inflammatory 
responses and apoptosis (Koonin and Aravind, 2000). 

Expression and Regulation of CIITA 
Unlike RFX and NF-Y, CIITA exhibits cell-specific, cyto- 
kine-inducible, and differentiation-specific expression 



that precisely parallels that of MHC class II synthesis. 
Likewise, class H + cells, such as B cells, monocytes, 
dendritic cells, and human activated T cells, express 
CIITA (Harton and Ting, 2000; Reith and Mach, 2001). 
Additionally, an in vivo study has shown that the expres- 
sion of CIITA under inflammatory transplantation condi- 
tions parallels the expression of MHC class II (Sims and 
Halloran, 1999). CIITA transcription is upregulated by 
IFN-7, LPS, and IL-4, and is downregulated by IFN-p, 
IL-10, nitric oxide, and TGFp (Figure 2B) (Harton and 
Ting, 2000; Reith and Mach, 2001). The induction by 
IFN-7 and downregulation by TGFp are best worked 
out; the former is mediated by IRF-1, IRF-2, USF-1, and 
STAT1, and the latter by Smad3 (Dong et al., 2001; Xi 
et al., 1999). The regulation of CIITA expression occurs 
primarily at the transcriptional level; an exception is the 
suppression of CIITA activity by prostaglandins in my- 
eloid-monocytic cells when PGE-induced, cAMP- 
dependent PKA causes the phosphorylation of CIITA (Li 
et al., 2001). Developmentally, CIITA suppression also 
occurs when B cells differentiate into plasma cells; this 
is attributed partly to the BLIMP-1/PRD transcription 
factor expressed in plasma cells (Ghosh et al., 2001 ; 
Piskurich et al., 2000). Another level of regulation is at 
the epigenetic level, where DNA methylation of the CIITA 
promoter suppresses its expression in trophoblasts 
(Morris et al., 2000), while inhibitors of histone deacety- 
lases enhance MHC class II expression through' both 
CIITA-dependent and -independent pathways (Magner 
et al., 2000). 

Cell-Specific Promoters and Isoforms of CIITA 

An area of research that has received much attention 

is the finding that MHC2TA contains multiple promoters 
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Figure 3. Regulation, Structure, and Function of CIITA 

(A) Promoters of MHC2TA and structure of CHTA. The promoter of the MHC2TA (top) shows the different regulatory elements (arrows) found 
in the various promoters. A distaJ GAS site which responds to STAT1 is shown, although the precise location is unclear. The structure of 
CIITA protein (bottom) shows the different domains described in the text 

(B) Different states of the MHC class II transcriptosome. (a) In B cells, CIITA is not required for occupancy of the promoter by RFX and NF-Y. 
(b) In IFN-7 responsive cells, the promoter is bare or weakly bound in the absence of CIITA. (c) In cells which are not known to express class 
II antigens, such as trophoblasts, the promoter is silenced by DNA methylation. (d) The presence of CIITA in B cells causes H3 and H4 
acetylatlon. Whether this is through tethered HATs, or through CIITA's intrinsic HAT activity, or both, is unclear, (e) Introduction of CIITA or 
induction by IFN-7 causes promoter occupancy and H3/H4 acetylation in IFN-7 responsive cells. YY1, a known HDAC, blocks IFN-y-induced 
class II mRNA expression through a YY1 binding site found in the first exon. 



directing the synthesis of at least three different 5' cod- 
ing sequences (Muhlethaler-Mottet et al., 1997). This 
indicates that CIITA function Is regulated in a complex 
fashion, controlled by both cell-specific promoters as 
well as cell-specific isoforms. Although the precise ex- 
pression of these isoforms is still undergoing revision, 
the current understanding is summarized as follows 
(Figure 3A, top). Promoter 1 (referred to as P1) is used 
in dendritic cells and leads predominantly to the expres- 
sion of the longest isoform of 1 32 kDa (Landmann et 
al., 2001). It is extinguished when immature dendritic 
cells differentiate into a mature phenotype, and the ex- 



tinction can be reversed by an inhibitor of histone de- 
acetylases (HDACs). The extra 94 aa found in this iso- 
form, as compared to the P3 isoform, encodes a 
caspase activation and recruiting domain (CARD) (Nick- 
erson et al., 2001). This isoform is quantitatively more 
efficient than the P3 isoform in activating a DR promoter, 
perhaps explaining the higher concentration of class II 
molecules on dendritic cells. P2 is not clearly defined. 
P3 causes the generation of a 124 kDa isoform which 
is constitutively expressed in B cells. A short promoter 
region of 200+ bp for P3 is required for expression in 
B cells; two in vivo footprints in this region correspond 
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to two functional promoter elements, ARE-1 (a TEF-like 
element) and ARE-2 (Ghosh et al., 1999). On the other 
hand, a long promoter for P3 that extends 6 kb upstream 
is required for activation in IFN-7-treated macrophage/ 
monocytic lines in a STAT1 -dependent fashion, and it 
is also abundantly expressed in IFN-7 activated melano- 
mas and glioblastomas (Piskurich et al. 1 999, Deffrennes 
et al., 2001; Goodwin et al., 2001). It is also expressed 
by immature dendritic cells, and is similarly silenced 
upon maturation (Landmann et al., 2001). P4, originally 
suggested to represent the primary IFN-7-inducible pro- 
moter, is responsive to a combination of IRF-1 , STAT1 , 
and USF transcription factors, and produces the short- 
est isoform of 1 21 kDa. However, a targeted deletion of 
this promoter region in mice showed that it is crucial 
for the expression of MHC class II in nonhematopoietic 
cells, including cortical thymic epithelial cells, but not 
for hematopoietic cells (Waldburger et al., 2001). The 
most straightforward explanation is that this form is nor- 
mally not required for CIITA expression in hematopoietic 
cells, although there is a possibility that other promoter- 
isoform pairs may have compensated for the loss of this 
form in hematopoietic tissues. 

In summary, this complex array o1MHC2TA promoters 
suggests that the fine-tuning of MHC class II expression 
must be crucial to assure a balance of selective immu- 
nity to foreign pathogens/antigens and tolerance to self- 
antigen. The timing and regulation of CIITA isoforms in 
distinct tissues have to be tightly regulated to assure 
proper immune function. The complexity of environmen- 
tal signals, developmental programs, and cell-specific 
information must be interpreted accurately at the level 
of MHC2TA regulation to achieve appropriate MHC class 
II expression. 

Structure and Function of CIITA 
Structure-function analyses of CIITA have revealed the 
presence of both conventional domains expected of 
transcriptional activators, as well as unorthodox motifs 
(see Harton and Ting, 2000) (Figure 3A, bottom). The 
acidic domain at the N terminus (residues 1-125) is re- 
quired for transactivation function, which may be 
achieved by providing an interaction surface for the his- 
tone acetylase CBP and RFXANK (Fontes et al., 1999; 
Kretsovali, 1998; Zhu et al., 2000). This segment also 
contains an intrinsic histone acetyltransferase (HAT) do- 
main (Raval et al., 2001) (see below). A proline-serine- 
threonine-rich domain (residues 126-336) that contains 
multiple potential phosphorylation sites then follows. 
The midsection of the protein contains an unusual se- 
quence for a transcription coactivator, the GTP binding 
domain (residues 337-702), that is involved in protein 
self-association and is important in nuclear import (Kret- 
sovali et al., 2001 ; Linhoff et al., 2001 ; Sisk et al., 2001). 
Finally, a leucine-rich region (LRR) that also affects nu- 
clear translocation and the self-association process re- 
sides at the C terminus. It associates with a 33 kDa 
protein; however, the identity and significance of this 
protein are presently unclear (Hake et al., 2000). Scat- 
tered amidst the protein are three nuclear translocation 
sequences, including two conventional nuclear localiza- 
tion sequences (NLS) and a bipartite NLS (Cressman et 
al., 1999, 2001; Kretsovali et al., 2001). An emerging 



theme is the shuttling of CIITA in and out of the nucleus, 
as evidenced by its sensitivity to the nuclear export 
inhibitor, leptomycin B, and by the identification of two 
sequences that are similar to nuclear export motifs 
which interact with the nuclear export protein CRM1 . 

Protein Complex Formation and Transcriptosome 
Assembly 

Extensive protein -protein interactions involving all of the 
players described above occur across the MHC class 
II promoter to form an active and more stabilized tran- 
scriptosome (Figure 2A). Several reports have demon- 
strated interactions among peptides that bind to the X 
elements and NF-Y, and binding at these sites in an in 
vitro gel shift assay has a mutually enhancing effect on 
protein-DNA interactions (Harton and Ting, 2000; Reith 
and Mach, 2001). Analysis of the X2 binding protein, 
CREB, shows that it also interacts with RFX to form a 
stable complex. These interactions are in agreement 
with the analysis of in vivo or genomic footprint analysis 
which allows the visualization of protein-DNA interac- 
tions in intact cells. These latter studies show that the 
in vivo binding of transcription factors to X1 and Y is 
interdependent, while occupancy of X2 is dependent on 
binding of both X1 and Y. A generally accepted working 
model is that NF-Y, RFX, and CREB all interact, and 
this interaction likely promotes the formation of a stable 
transcriptosome complex. 

From its discovery, it was presumed that CIITA must 
interact with the DNA binding transcription factors, since 
it is not a DNA binding protein. Indeed, several groups 
have used different approaches to reveal such interac- 
tions. CIITA interacts with NF-YB and NF-YC, but only 
weakly with NF-YA; it also interacts with RFXANK/RFXB 
and RFX5. In addition, an insightful in vivo approach, 
namely the ChIP assay, used to examine protein compo- 
nents of a transcriptosome, has begun to reveal impor- 
tant information. This procedure utilizes antibody di- 
rected at a component of the transcriptosome to pull 
down interacting proteins, and hence their respective 
cognate DNA sequences. A ChIP analysis has shown 
that CIITA coprecipitates DNA sequences that corre- 
spond to the X and Y elements, and hence CIITA directly 
or indirectly interacts with X and Y binding proteins 
(Mastemak et al., 2000). 

In addition to the specific players described above, 
the MHC class II transcriptosome has other interacting 
partners. By yeast two-hybrid analysis, CIITA interacts 
with the basal transcription factor TAF H 32, a component 
of TFIID, and indirect evidence also indicates the 
involvement of TAFu250 in CIITA-mediated transactiva- 
tion. CIITA has also been observed to promote transcrip- 
tional elongation, presumably through its interaction 
with cyclin T1 , which together with CDK9 forms the 
positive transcription elongation factor b (P-TEFb) (Ka- 
nazawa et al., 2000). Aside from the interaction of CIITA 
with basal transcription factors, NF-Y has been shown 
to recruit the TFIID complex and to enhance the affinity 
of holo-TFIID for a MHC class II promoter through inter- 
actions with a number of TAFs (Mantovani, 1999). Addi- 
tionally, NF-Y also interacts with histones H3 and H4 as 
well as the HAT p300 (Caretti et al., 1 999). Notably, CBP, 
a homolog of p300, is a CREB binding protein, and CREB 
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binds X2. Whether all these associations occur at the 
chromatin level at the MHC class II promoter is an impor- 
tant area of investigation. 

Chromatin Modification 

One of the hallmarks of gene expression is the alteration 
of chromatin accessibility and DNA methylation status. 
Earlier studies of the chromatin structure of MHC class 
II promoters utilized the genomic footprinting approach 
to show that different subgroups of BLS-derived B cell 
lines differ in the in vivo occupancy of their promoters 
by DNA binding factors (Figure 3B). In cells lacking RFX, 
all MHC class II promoters are bare (i.e., in vivo footprints 
are lacking), while in cells lacking CIITA, the promoters 
are occupied normally (Kara arid Glimcher, 1991). This 
would suggest that RFX is crucial for promoter accessi- 
bility, while CIITA is not. Indeed, in an RFX-defective, 
IFN-7 responsive cell line (G1B), the promoter is also 
bare'despite IFN-7 treatment, which verifies the impor- 
tant role of the RFX protein in promoter assembly in 
both constitutive and inducible model systems (Brickey 
et al., 1999). In contrast, the role of CIITA in promoter 
occupancy in B cells and in an IFN-7 inducible system 
is in disagreement. In an IFN-7 inducible system, where 
CIITA is not expressed, or expressed at a minimal level 
prior to cytokine treatment, MHC class II promoters are 
minimally occupied; the addition of IFN-7 causes acces- 
sibility of the promoter in a time-dependent fashion (Har- 
ton and Ting, 2000). This would suggest that CIITA is the 
crucial factor for promoter accessibility. Indeed, when 
CIITA was transfected into MHC class ll-negative cells, 
the nonclassical DM as well as // promoters became 
bound by factors. The precise reason for the different 
dependency on CIITA between B cells and IFN-7 respon- 
sive cells remains unresolved. One reasonable model is 
that the ubiquitous factors such as RFX and/or NF-Y 
may be expressed at higher concentrations in B cells, 
which obviates the absolute need for CIITA to stabilize 
the transcriptsome. This possibility was suggested by 
a report which noted higher levels of RFX in B cell lines 
than in IFN-7 responsive lines (Moreno et al., 1997). 
Despite these differences, CIITA remains pivotal for the 
transcription of MHC class II genes in both B cells and 
IFN-7 responsive cells. 

How chromatin accessibility occurs over MHC class 
II promoters is an increasing focus of study. Both CIITA 
and NF-Y can interact with HATs, the former with p300, 
CBP, and pCAF, the latter with p300 (Fontes et al., 1 999; 
Kretsovali, 1998). Cotransfection with CIITA and CBP, 
pCAF, or p300 can lead to increased activation of a 
MHC class II promoter-reporter construct. Despite this 
enhancement, the HAT domains of CBP and pCAF are 
dispensable for this activation (Harton et al., 2001). This 
would agree with the findings of two reports. The first 
shows that CIITA has intrinsic HAT activity, and thus 
may render other HATs dispensable (Raval et at., 2001). 
CIITA's HAT domain shares sequence homology with 
CBP and can substitute for the HAT function of TAF n 250. 
A second study found that two acetylated lysine resi- 
dues within CIITA are important for nuclear import and 
that CBP and CAF may serve an alternate function in 
facilitating CIITA import into the nucleus (Spilianakis et 
al., 2000). More detailed analysis of the relevance of 



CBP/p300/CAF in promoter assembly will require analy- 
sis of the endogenous promoter under most physiologic 
conditions. A recent study has begun to address this 
issue by employing the ChIP assay in conjunction with 
real time PCR to assess the relationship between his- 
tone acetylation and CIITA occupancy (Beresford and 
Boss, 2001). They found that the presence of CIITA cor- 
related with the acetylation of H3 and H4 at the endoge- 
nous MHC class II promoter in both B cells and an IFN-7- 
inducible cell line. This result should be interpreted in 
light of the in vivo footprint analysis described above 
where binding of factors to endogenous MHC class II 
promoters in B cells does not require CIITA, while CIITA 
is required in IFN-7 responsive cells. This new study 
shows that regardless of cell type, CIITA is essential for 
proper histone acetylation in both cell groups. These 
results distinguish between factor binding to promoters 
and histone acetylation, and conclude that the former 
can occur without the latter, although transactivation 
does not occur in the absence of CIITA or histone acet- 
ylation (Figure 3B). 

Finally, the role of histone deacetylase complexes 
(HDACs) in MHC class II gene control has begun to 
emerge. The general HDAC inhibitor, TSA, can rescue 
class II expression in tumor cells and mature dendritic 
cells where CIITA promoters are silenced (Landmann et 
al., 2001; Magner et al., 2000). Similarly, in a system 
where class II expression is silenced in the absence 
of the retinoblastoma protein (Rb), the addition of TSA 
restored expression and YY1 was identified as one of 
the HDACs (Osborne et al., 2001). Prior to the inhibition 
of HDAC, the promoter was found to exist in a nucleo- 
some-free, DNase hypersensitive configuration, indi- 
cating that HDAC can exert its effect despite the es- 
tablishment of a chromatin environment favorable for 
transcription initiation, and presumably with proteins 
bound to the promoter. This again suggests that modifi- 
cation of the acetylation state of histones and binding 
of proteins to the promoter occur independently. 

Specificity of CIITA and RFX for MHC 
Class II Gene Expression 

Two questions have been raised regarding the specific- 
ity of CIITA and RFX: (1) Do these factors control other 
genes? (2) Does MHC class II expression persist when 
either of these factors is missing? The first question 
has to be considered against the backdrop that the 
specificity of transcription factors is frequently invoked 
when they are first described, but this specificity fails 
to withstand more extensive investigation. CIITA has 
largely escaped this fate, with rare exceptions; many of 
its effects are specific for MHC class II molecules or its 
associated proteins. This is supported by representation 
difference analysis (RDA), which shows that most, if not 
all, of the genes induced by CIITA are within the class 
II pathway (Taxman et al., 2000). The control of the DOA 
and DOB genes by CIITA is less straightforward. Two 
reports showed common findings in the regulation of 
these two genes: the first used the aforementioned RDA 
method (Taxman et al., 2000), while the second used a 
chip array analysis (Nagarajan et al., 2002). Both found 
that in B cells, DOA is dependent on CIITA for expres- 
sion, while DOB is expressed even in cells lacking CIITA. 



Molecular Control and Genetics of MHC Class II 
S29 



Additionally, DOA and DOB are dependent on RFX for 
gene expression. However, the array analysis accompa- 
nied by real-time PCR showed a 2-fold enhancement of 
DOB in the presence of CIITA, which was not detected 
by RDA. This is reasonable, as the latter is best for 
detecting all-or-none differences, while array analysis 
detects more quantitative differences. The array paper 
also showed that the introduction of CIITA into an IFN-7- 
inducible system does not greatly enhance DOB expres- 
sion, in contrast to the great enhancement of DOA and 
DRA by CIITA. This agrees with an earlier finding that 
IFN-7 likewise significantly induces DOA but not DOB 
(Tonnelle et al., 1985). It is reasonable to conclude that 
DOB is less affected by CIITA than other class II MHC 
genes, although an effect can be detected, and that a 
CIITA-independent pathway exists for its expression. 
To further complicate the picture, CIITA"'" mice retain 
expression of both H-20A and B as observed by RT- 
PCR. Whether this represents differences between hu- 
mans versus mice, in vitro cell lines versus in vivo pri- 
mary tissues, or simply RT-PCR versus real-time PCR 
is unclear. 

CIITA is known to control a few genes other than MHC 
class II, although none are as strongly induced as class 
II genes. Class I MHC promoter and antigen expression 
is enhanced by CIITA in both human and murine lines 
(reviewed in van den Elsen and Gobin, 1 999). CIITA regu- 
lation of class I is mapped to a region that has S/W, X, 
and Y homologs; ChIP analysis also shows the presence 
of CIITA at the endogenous P2M promoter, which like- 
wise contains X and Y elements (Masternak et al., 2000; 
Riegert et al., 1996). A reduction of class I MHC has 
been observed in human Group A BLS patients but not 
in CIITA"'" mice. The reason for this discrepancy is 
unclear. In addition to class I MHC, a handful of genes 
have been found to be downregulated by the presence 
of CIITA, including IL-4, fas, and collagen (Gourley and 
Chang, 2001 ; Sisk et al., 2000; Zhu and Ting, 2001). In all 
these cases, CIITA mediates suppression by squelching 
general H ATs. One of these studies compared the defec- 
tive G3A cell line, in which IFN-7 induction of CIITA 
is suboptimal, to its normal parent, thus allowing the 
investigation of endogenous CIITA in gene suppression 
(Zhu and Ting, 2001). The observation was made that 
CIITA induction by IFN-7 can lead to the suppression 
of genes that are known suppressive targets of this 
cytokine. Hence, CIITA represents a dual-function fac- 
tor, both as a strong inducer of immune response genes, 
and a repressor of general histone acetyltransferases 
for certain genes that may not be of immediate use 
during an IFN-7 response. 

The second question regarding CIITA and RFX is 
whether they are indispensable for MHC class II expres- 
sion. Mice lacking functional CIITA or RFX5 have been 
used to address this issue. CIITA"'" mice are largely 
devoid of class II, although some residual expression 
remains. Analyses of two CIITA"'" mice revealed sub- 
stantial (20%) residual class II expression on dendritic 
cells limited to the s.c. lymph nodes detected by immu- 
nohistochemistry (Williams, 1 998). The analysis of a third 
CIITA"'" strain revealed very low levels of class II mRNA 
only detected by RT-PCR, but not Northern hybridiza- 
tion, in the lymph nodes and spleen (Itoh-Lindstrom et 
al., 1999). A more recent study utilized one of the 



CIITA"'" mice used in the first study and found that 
class II expression on dendritic cells is reduced 99% as 
assessed by real-time PCR, and agrees with the notion 
of CIITA serving as a master regulator (Landmann et al., 
2001). 

The analysis of RFX5~'~ mice showed class II expres- 
sion on thymic medulla, mature dendritic cells, and acti- 
vated B cells, but not B cells or IFN-7 activated macro- 
phages (Clausen et al., 1998). Despite this residual 
expression, both CIITA"'" and RFX5"'" mice show se- 
vere immunodeficiency and CD4 + T cell defects, repli- 
cating the findings in humans. However, the CIITA"'" 
mice do respond differently from mice lacking Ap, which 
are generally considered to be class II defective. In the 
nonobese diabetes (NOD) model, CIITA"'" NOD mice 
have pancreatic cellular infiltrates, while Ap~'~ mice do 
not (Mora et al., 1999), yet neither display symptoms 
of diabetes. Whether this difference between the two 
strains can be attributed to residual class II expression, 
to other class ll-associated genes (//, M, O), or to nonas- 
sociated genes that are selectively controlled by CIITA 
remains to be determined. 

Disease and Physiologic Relevance 
The MHC class II loci are associated with more diseases 
than any other region of the genome of equivalent size. 
Class ll-related autoimmune conditions are suspected 
to be due to a failure of tolerance. Expression of class 
II genes must be tightly and subtly controlled to ensure 
appropriate vigorous responses to pathogens while 
minimizing collateral damage to host tissues. 

Considering that CIITA is a master regulator of MHC 
class II gene transcription, it represents an ideal target 
for pathogens to evade the immune system. Indeed, a 
variety of pathogens (cytomegalovirus (CMV), Mycobac- 
terium bows, Chlamydia, varicella-zoster virus, parain- 
fluenza virus, and Epstein Barr virus (EBV)) have evolved 
several pathways to alter the expression of CIITA (re- 
viewed in Harton and Ting, 2000; Reith and Mach, 2001 ; 
Accolla et al., 2001 ; see also Gao et al., 2001 ; Morrison et 
al., 2001). Furthermore, HIV-1 infection also suppresses 
class II expression by interfering with both CIITA and NF- 
YA functions (Rakoff-Nahoum et al., 2001). One common 
feature is that most of the pathways utilized by patho- 
gens affect a more general target upstream of CIITA 
expression, such as the Jak/Stat pathway, the USF-1 
transcription factor, IFN-7 receptor expression, and 
other cytokines which can affect class II expression; 
thus, the effects are far-reaching beyond MHC class II 
regulation. Additionally, it was found that statin, a drug 
used in the treatment of heart disease to control lipid 
levels, also decreases CIITA expression by interfering 
with P4 function (Kwak et al., 2000). This raises the 
possibility that these drugs might be useful to regulate 
immune activation involving the hyperexpression of 
class II antigens, as in autoimmune or autoinflammatory 
disorders. 

Both class II MHC and CIITA promoters exhibit poly- 
morphisms that may be relevant to disease. This is not 
surprising, since the expression level or control dynam- 
ics of a class II molecule could help to modulate the 
immune response (Baumgart et al., 1998). It may influ- 
ence cytokine profiles or the ratio of Th1 to Th2 re- 
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sponses, for example. Conversely, promoter variation 
could influence susceptibility to disease independent of 
coding region variation. A number of variant nucleotides 
have been described in promoter regions upstream of 
class II genes. Some of these are in canonical sequences 
identified as binding elements for transcription factors, 
and in a few cases the changes have been shown to 
affect transcription in reporter assays (Andersen et al., 
1991). In addition to promoter variation, intergenic re- 
gions several kb upstream of class II loci may exhibit 
marked variation. The DQB1 gene is marked by variation 
in the presence or absence of retroviral LTRs that could 
in principle influence expression levels (Kambhu et al., 
1990). Finally, more recent reports have shown polymor- 
phisms in the CIITA promoter and 3' untranslated region, 
although the significance to disease is not clear (Ras- 
mussen et al., 2001). 

The utilization of CIITA as a means to enhance cancer 
immunotherapy has also been investigated. There is 
some disagreement concerning the ability of CIITA- 
transfected cells to present exogenous antigens (Sar- 
toris et al., 1998; Siegrist et al., 1995), and this may 
simply vary with the cell line examined. However, two 
studies which directly examined antitumor activity of 
different CHTA-transfected tumors have failed to show 
an efficacy of CIITA in enhancing tumor control, despite 
the presence of costimulatory molecules such as CD80 
and CD86 (Armstrong et al., 1997; Martin et al., 1999). 
These studies showed a correlation with the poor ability 
of CIITA-induced class II complexes to present antigens 
targeted through the endogenous pathway, which may 
represent the route traveled by many tumor antigens. 
Overcoming such issues will be necessary to exploit the 
utilization of CIITA as a potential therapeutic in tumor 
control. As an alternate strategy, an adenoviral construct 
containing MHC2TA has been introduced into dendritic 
cells with enhanced immunostimulatory effects (Marten 
et al., 2001), which warrants the testing of this strategy 
in animal models. 

Summary 

The MHC class II system has evolved into a complex 
array of surface molecules which are required to bind 
peptides of a wide ranging number of pathogens. The 
classical and nonclassical MHC class II genes, in addi- 
tion to li, have one predominant function: presenting 
antigenic peptides and activating CD4 T cells in hemato- 
poietic as well as extrahematopoietic tissues. The mo- 
lecular control of these molecules is highly complex and 
intricate. Strict coordination of MHC class II gene control 
has been implemented to deal efficiently and appropri- 
ately with foreign antigens, while minimizing autoreac- 
tive responses against self-antigens. A master transcrip- 
tional regulator, CIITA, which is highly specific in its 
function, controls the expression of this entire class of 
genes. This is performed by coordinating the functions 
of DNA binding proteins and histone acetylases to mod- 
ify local chromatin and promoter accessibility. DNA 
methylases and HDAC are also involved, and these are 
likely to represent areas of intense research focus. Fu- 
ture endeavors to harness this knowledge to modulate 
disease outcome, whether infectious diseases, autoim- 
munity, or cancer therapy, should be of tremendous 
interest and potential. 
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Abstract 

The class II transactivator (CIITA) regulates not only the transcription of HLA-DR, -DQ, -DP, but also 
invariant chain, DMA and DMB genes. A hybrid mutant CIITA protein, which contained residues 
from positions 302 to 1130 in CIITA fused to the enhanced green fluorescent protein (EdCIITA), 
inhibited the function of the wild-type protein. EdCIITA extinguished the inducible and constitutive 
expression of MHC II genes in epithelial cells treated with IFN-y and B lymphoblastoid cells 
respectively. Also, it blocked T cell activation by superantigen. This inhibition correlated with 
the localization of EdCIITA but not CIITA in the cytoplasm of cells. However, when EdCIITA was 
co-expressed with a dominant-negative form of the nucleoporin Nup214/CAN, it also accumulated 
in the nucleus. These data suggest that EdCIITA not only competes with the wild-type protein for 
the binding to MHC II promoters but sequesters a critical co-factor of CIITA in the cytoplasm. CIITA 
also recruits the histone acetyltransf erase cAMP responsive element binding protein (CREB) 
binding protein and positive transcription elongation factor b (p-TEFb) for the transcription of MHC 
II genes. Dominant-negative p300 (DNp300) or CDK9 (DNCDK9) proteins inhibited the function of 
CIITA and of the DRA promoter. Thus, combinations of EdCIITA and DNp300 and/or DNCDK9 
proteins extinguished the transcription of MHC II genes. They might become useful for future 
genetic therapeutic approaches in organ transplantation and autoimmune diseases. 



Introduction 

MHC II molecules present foreign antigens to T h cells and 
direct the subsequent differentiation of B cells. Their congen- 
ital absence leads to a severe combined immunodeficiency 
called the type II bare lymphocyte syndrome (BLS) (1). Using 
B lymphoblastoid cell lines and transient heterokaryon fusions, 
five complementation groups (A-E) of BLS were character- 
ized. Whereas group E appears to affect a locus organizing 
region (2), the expression of all MHC II genes is extinguished 
in groups A-D. They contain mutations in genes that code 
for the class II transactivator (CIITA) and regulatory factor 
that binds to the X box (RFX), which is composed of three 
subunits, RFX-5, RFX-AP and RFX-ANK/B. In BLS-2 cells 
(group A), the CIITA gene has a short in-frame deletion which 
includes one of its nuclear localization signals (NLS) from 
positions 940 to 963 (3,4). Although CIITA contains an addi- 
tional putative bipartite nuclear targeting sequence from 
positions 144 to 161 (5), both of which are conserved between 



human and murine CIITA proteins (6), this mutant CIITA protein 
is found in the cytoplasm and has no activity (4). 

In the conserved upstream sequences (CUS) of MHC II 
promoters, RFX recognizes S and X boxes (7). Other proteins, 
which include the cAMP responsive element binding protein 
(CREB), nuclear factor Y (NF-Y: NF-YA, -YB and -YC) and 
octamer binding factor, bind to the downstream X2, Y and 
octamer sequences (8,9). They are critical for IFN-y-inducible 
and constitutive expression of MHC II genes. CIITA neither 
binds directly to DNA nor appears in electrophoretic mobility 
shift assays (EMSA) with proteins assembled on CUS (3). 
Nevertheless, subunits of RFX, NF-Y and CREB have been 
reported to bind to CIITA in cells (10-12). In one report, this 
binding depended on p33, which is an unknown protein that 
binds to the C-terminal leucine-rich repeats of CIITA (13). 

CIITA attracts several transcription factors to its N-terminal 
activation domain. These include the TATA-box binding protein 
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associated factors TAFII32 and TAFII70, histone acetyltrans- 
ferase CREB binding protein (CBP/p300) and cyclin T1 , which 
forms the positive transcription elongation factor b (P-TEFb) 
(14-20). Thus, the N-terminal region of CIITA integrates steps 
for the initiation and elongation of MHC II transcription. 

Several mutant CIITA proteins function as dominant-nega- 
tive proteins and inhibit the expression of MHC II genes in 
cells (5,21-25). To date, the best is a truncated CIITA protein, 
which lacks the N-terminal acidic and P/S/T-rich sequences 
(23). However, this dominant-negative CIITA protein could not 
extinguish the expression of MHC II genes (23). Moreover, 
its mechanism of action remained unexplained. Also, the 
dominant-negative forms of CBP (DNCBP) and CDK9 
(DNCDK9 from P-TEFb) block the function of CIITA (15,18). 
They affect steps subsequent to the initiation of MHC II 
transcription. 

In this report, we demonstrate that a mutant CIITA protein 
from positions 302 to 1130 (dCIITA) fused to the enhanced 
green fluorescence protein (EGFP: EdCIITA) could inhibit the 
transcription of MHC II genes better than dCIITA. Surprisingly, 
EdCIITA was found in the cytoplasm. Nevertheless, a domin- 
ant-negative nucleoporin Nup214/CAN protein (ACAN), which 
blocks nuclear export, retained EdCIITA in the nucleus, sug- 
gesting that EdCIITA can also sequester a critical co-factor 
of CIITA in the cytoplasm (26). In addition, dominant-negative 
forms of p300 (DNp300) and CDK9 (DNCDK9) inhibited 
the DRA promoter. Combinations of EdCIITA, DNp300 and 
DNCDK9 repressed the expression of MHC II genes syner- 
gistically. Thus, complementary strategies are more effective 
in extinguishing the expression of MHC II genes. 

Methods 

Cell culture 

HeLa and COS cells were grown in DMEM supplemented 
with 10% FCS and antibiotics (100 U/ml of penicillin G/100 
\ig/m\ of streptomycine sulfate) at 37°C in 5% C0 2 . Jurkat 
and RM3 cells were grown in RPMI 1640 supplemented with 
10% FCS and antibiotics described above at 37°C in 5% C0 2 . 

Plasmids and the constructs 

Either wild-type CIITA (amino acids 1-1130) or dCIITA (amino 
acids 302-1130 ) genes were fused with EGFP using pEGFP- 
C1 vector (Clontech, Palo Alto, CA), termed pECIITA and 
pEdCIITA respectively. Also, HA-tagged wild-type CIITA and 
dCIITA was subcloned into the same backbone vector as a 
control, termed pCIITA and pdCIITA respectively. The HA-tag 
sequence, 5'-TACCCATACGATGTTCCAGATTACGCTGCT-3', 
was inserted after first ATG of the N-terminus of CIITA cDNA 
in pCIITA and pECIITA. HA-tagged CIITA has similar activity 
with wild-type CIITA in the CAT assay (J. D. Fontes and B. M. 
Peterlin, unpublished data). All plasmids were regulated under 
the cytomegalovirus promoter. All plasmid constructs were 
sequenced and their expressions confirmed by Western blot- 
ting. The reporter gene, pDRASCAT, contains the DRA 
promoter linked with the CAT gene, which have been previ- 
ously described (27). The empty plasmid vector was used as 
a stuffer DNA in all experiments. Plasmids coding for Tat, 
DNCDK9, DNp300 (a gift from K. Kelly), pcDNA3flagCIITA (a 



gift from J. P.-Y. Ting), pACAN (a gift from B. Cullen) and 
NF-AT-luciferase reporter gene have been described previ- 
ously (18,22,26,28). 

CAT assay, the analyses of the localization of EdCIITA, ECIITA 
and EGFP in the cells, and Western blotting 
Effector gene, pCIITA, and reporter gene, pDRASCAT (0.25 
or 0.4 ng each), were co-transfected with pdCIITA, pEdCIITA, 
pACAN or stuffer DNA (0.25-1 .5 \ig) in COS cells by lipofecta- 
mine (Life Technologies, Germantown, MD). COS cells 
(2X10 5 ) were incubated with 6 jil of lipofectamine with DNAs 
for 16 h. Cells were harvested and extracted with 200 \i\ of 
lysis buffer (0.25 M Tris-HCI, pH 7.5, 0.1% Triton X-100) 24 h 
after transfection. Lysates were inactivated at 65°C for 10 min, 
then mixed with 50 \i\ of counting buffer [0.2 uJ of [ 3 H]acetyl- 
coenzyme A (Amersham Life Science, Chicago, IL), 5 \i\ of 
8.3 mg/ml chloramphenicol, 5 \i\ of 0.25 M Tris-HCI, pH 
7.5]. Radioactivities were counted by scintillation counter 
(Beckman Instruments, Fullerton, CA). For the analyses of the 
localization of EdCIITA, ECIITA or EGFP, each construct was 
transfected in COS cells with or without ACAN by lipofectamine 
as described above. The ratio of amounts of ACAN against 
each plasmid DNA was 1:3. The localization of EGFP fusion 
proteins was analyzed 48 h after transfection by a Nikon 
E-800 fluorescence microscope (Nikon, Melville, NY). For the 
expression of EdCIITA and dCIITA, DNA or the empty plasmid 
vector (1 ng each) were transfected into COS cells. Proteins 
were immunoprecipitated with a rabbit polyclonal antibody 
against the C-terminus of CIITA. Western blotting was per- 
formed with the same antibody or an anti-actin antibody 
(clone 1-19; Santa Cruz Biotechnology, Santa Cruz, CA) 

IFN-y treatment 

HeLa cells (1X10 7 ) were transfected with pEdCIITA (20 u,g) 
or the empty plasmid DNA (20 [ig) by electroporation (BioRad 
electroporator; 975 jxF, 300 V). DNA-transfected HeLa cells 
(2X10 5 ) were cultured for 24 h and then the cells were 
incubated with human IFN-y (1000 U/ml; Boehringer 
Mannheim, Indianapolis, IN) for 72 h. HeLa cells were har- 
vested and stained with appropriate antibodies, and then 
analyzed by FACS (Becton Dickinson, San Jose, CA). 

Electroporation and superantigen assay 
RM3 cells (1 X10 7 ) were transfected with pCIITA (20 \ig) and 
either pEdCIITA or the empty plasmid DNA (20 \ig each) by 
electroporation as described above. The cells were harvested 
48 h after transfection and stained with appropriate antibodies 
for FACS analyses. For superantigen assay, the electropor- 
ation was performed 48 h prior to co-culture. On the other 
hand, NF-AT-luciferase reporter gene (40 ng) was transfected 
in Jurkat cells (1x10 7 ) by electroporation 24 h prior to co- 
culture. The transfected Jurkat cells were cultured with either 
the transfected or untransfected RM3 in the presence or 
absence of Staphylococcal enterotoxin D (SED; Toxin 
Technology, Sarasota, FL) for 16 h. Cells were lysed and 
luciferase assays were performed as described previously 
(18). 

FACS analyses 

Both transfected HeLa cells and RM3 cells were stained with 
anti-DR (clone L243), -DQ (clone SK10) or -DP (clone B7/21) 
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Fig. 1 . The structure of CIITA (ECIITA), dCIITA, EdCIITA and dominant- 
negative effector proteins. CIITA contains 1130 residues, which can 
be grouped into five specific domains. From the N-terminus, they are 
the acidic activation domain (positions 26-137), a P/S/T-rich region 
(positions 163-322), three GTP binding consensus motifs (positions 
420-427, 461-464 and 558-561), two NLS (positions 141-160 and 
955-959) and the leucine-rich repeats (positions 988-1073). ECIITA 
contains the HA epitope tag (TPTDVDTAA) at its N-terminus, which 
is fused with the C-terminus of EGFP. The acidic and P/S/T-rich 
regions are deleted in dCIITA and EdCIITA (positions 302-1130). 
CBP and cyclin T1 from P-TEFb bind to the N-terminus of CIITA 
(positions 1-144 and 1-322 respectively). DNCDK9 contains an 
asparagines rather than aspartic acid at position 167, which 
inactivates the kinase activity of CDK9. DNp300 contains residues 
from positions 1514 to 1922 in p300, which blocks histone 
acetyltransferase activity. 



antibodies in PBS with 5% BSA/0.1% sodium azide for 20 min. 
Secondary staining was performed with phycoerythrin-conjug- 
ated rat anti-mouse k antibody (clone X36) (all antibodies 
were purchased from Becton Dickinson, Mountain View, CA). 
The expressions of MHC II proteins and EdCIITA were ana- 
lyzed by FACS. 
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Fig. 2. dCIITA and EdCIITA inhibit the DRA promoter. dCIITA or 
EdCIITA were co-expressed with CIITA and DRA promoter, on 
pDRASCAT, in COS cells. 1:1, 1:3 and 1:6 represent molar ratios 
between CIITA and competitor plasmid DNA. The inhibition of the 
DRA promoter was calculated and compared to the control, where 
only CIITA was co-expressed with the plasmid target (%). CAT 
enzymatic assays were performed as described previously (27). Data 
represent the inhibition of EdCIITA (O) and dCIITA (A) respectively. 
Error bars give SEM from three experiments performed in duplicate. 
Below the graph are presented expression levels of EdCIITA, dCIITA 
and actin, which were determined by Western blotting. Lysates were 
immunoprecipitated with the rabbit polyclonal anti-CIITA antibody 
and then blotted with the same antibody. Levels of actin were 
determined with an anti-actin antiserum. 



EdCIITA prevents the activation of the DRA promoter by CIITA 

To create an optimal dominant-negative CIITA protein, we 
relied on previously published work (5,21-25). dCIITA lacks 
the first 301 amino acids of CIITA, which include acidic 
(positions 26-137), bipartite nuclear targeting (positions 144- 
161) and P/S/T-rich sequences (positions 163-322) (Fig. 1). 
The wild-type CIITA and dCIITA proteins were fused in-frame 
to the C-terminus of EGFP, and termed ECIITA and EdCIITA 
respectively. Next, we compared effects of these proteins on 
the DRA promoter. dCIITA or EdCIITA were co-expressed with 
CIITA, and the plasmid target, pDRASCAT, in COS cells. All 
transcripts coding for our proteins were transcribed from the 
cytomegalovirus immediate-early promoter. The inhibition of 
the DRA promoter was observed in a dose-dependent manner 



for each combination of plasmids. At a 1:1 molar ratio of co- 
transfected plasmids, EdCIITA repressed the DRA promoter 
10-fold, and extinguished it to background levels at 1:3 and 
1:6 molar ratios (Fig. 2, open circles). dCIITA was much less 
potent at these concentrations and never blocked the DRA 
promoter completely (Fig. 2, solid triangles). Although only 
effects at 72 h are presented, identical results were obtained 
at shorter and longer times after transfection (data not pre- 
sented). EdCIITA could function better than dCIITA because 
of its different composition (the addition of EGFP), greater 
stability or subcellular localization. We conclude that EdCIITA 
is a strong dominant-negative CIITA protein. Moreover, 
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Fig. 3. IFN-y induces the expression of MHC II genes in HeLa but 
not in HeLa cells that express EdCIITA. (A and B) HeLa cells were 
not treated with IFN-y. (C and D) HeLa cells were treated with IFN-y. 
(E and F) HeLa cells were transfected with EdCIITA and treated with 
IFN-y. Except for (A) and (B), all cells were treated with human IFN- 
y at the concentration of 1000 U/m! in the culture medium for 72 h 
after the transfection. Cells were stained with the anti-DP antibody 
and analyzed by FACS. Two-dimensional histograms (A, C and E) 
show the expression of DP and EdCIITA. Histograms in panels B, D, 
R1 and R2 show the expression of DP. R2 displays a gated region 
in (E) that contains cells, which expressed EdCIITA. R1 represents 
the remaining population of untransfected cells. 



because it is linked to EGFP, its levels of expression can be 
monitored easily in cells. 

IFN-y foils to induce the expression of MHC II genes in HeLa 
cells expressing EdCIITA 

The administration of IFN-y activates the Jak/Stat signaling 
cascade and CIITA transcription (29,30). This induction is 
critical for the function of antigen-presenting cells. To confirm 
that EdCIITA could also block effects of IFN-y, we expressed 
EdCIITA for 2 days in HeLa cells, which were subsequently 
treated with 1000 U/ml of IFN-y for 3 days. Cells were stained 
with the antibody against DP and then analyzed by FACS 
(Fig. 3). The expression of EdCIITA was followed by green 
fluorescence and was abundant in -30% of HeLa cells for 
the duration of the assay. In Fig. 3, they are visualized on the 
x-axis (Fig. 3E, R2). Cells in the R1 region did not express 
pEdCIITA and resembled untransfected cells (Fig. 3E). Import- 
antly, the inhibition of DP was observed only in cells that 
expressed EdCIITA (Fig. 3, R2). These data were confirmed 
with antibodies against DR determinants (data not presented). 
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Fig. 4. EdCIITA inhibits the expression of MHC II genes in RM3 cells. 
RM3 cells expressed no exogenous protein (A), CIITA alone (B) or 
both CIITA and EdCIITA (C). Cells were cultured for 48 h after 
transfection and stained with anti-DR, -DQ or -DP antibodies 
respectively. The numbers in quadrants display the percentage of 
cells in each subcategory. Vertical bars indicate the levels of DR, DQ 
and DP determinants on the cell surface respectively. The horizontal 
bar represents levels of green fluorescence in RM3 cells (C). 



Thus, EdCIITA also blocks the induction of MHC II genes by 
IFN-y. 

In the presence of EdCIITA, CIITA cannot restore the expres- 
sion of MHC II genes in B lymphoblastoid RM3 cells 

RM3 cells were established as a MHC ll-deficient B cell line 
from Raji cells. However, the exogenous expression of CIITA 
in these cells leads to the synthesis of MHC II determinants 
to levels that are comparable to those on parental Raji cells. 
We chose RM3 because of the slow decay of pre-existing 
MHC ll-peptide complexes on Raji and other antigen-pre- 
senting cells. As presented in Fig. 4(B), the introduction of 
CIITA restored high levels of expression of DR, DQ and DP 
determinants on RM3 cells. In sharp contrast, CIITA failed to 
rescue the expression of MHC II determinants in the presence 
of EdCIITA (Fig. 4C). This inhibition was from 9.8 to 0.9% of 
DR + cells, 9.3 to 1.4% of DP + cells and 4.0 to 0.4% of DQ + 
cells respectively (Fig. 4, cf. B and C). This inhibition was 
observed only in green fluorescent RM3 cells that expressed 
EdCIITA. These results were confirmed in RJ2.2.5 cells (data 
not presented). Thus, EdCIITA inhibits efficiently the expres- 
sion of MHC II genes in B lymphoblastoid cells. 

EdCIITA blocks the presentation of superantigen by MHC II 
determinants to T cells 

EdCIITA blocked the expression of MHC II genes in kidney 
cells (COS) that expressed CIITA, IFN-y-treated epithelial cells 



Inhibition of MHC II gene expression 955 





SUPER ANTIGEN ASSAY 



Fig. 5. RM3 cells that express EdCIITA fail to activate T cells via 
superantigen. (A) Schematic diagram describing the superantigen 
assay. (B) CIITA and EdCIITA, or CIITA alone were expressed in RM3 
cells 2 days before co-culture with Jurkat T cells. NF-AT-lucif erase 
reporter gene was transfected into Jurkat T cells 1 day before co- 
culture with RM3 cells. Open and shaded columns represent the 
absence and presence of SED respectively. Experiments are 
representative of three independent transfections, which were 
performed in duplicate. Error bars display SEM. 



(HeLa) and B lymphoblastoid cells (RM3). Moreover, since li, 
DMA and DMB genes are also regulated by CIITA, EdCIITA 
should block antigen processing and presentation. To exam- 
ine functional consequences of this blockade, we studied 
effects of EdCIITA on T cell activation via superantigen and 
MHC 1 1 determinants on B cells. The diagram of this experiment 
is presented in Fig. 5(A). Again, RM3 cells expressed CIITA 
with or without EdCIITA. Transfected cells were co-cultured 
with Jurkat cells, which contained the NF-AT-luciferase 
reporter gene, in the presence or absence of SED. MHC II 
complex:superantigen induces T cell signaling via the TCR 
and activates the NF-AT reporter gene in Jurkat cells. The 
expression of CIITA alone resulted in NF-AT activity only in 
the presence of SED (Fig. 5, lane 6). On the other hand, 
EdCIITA strongly inhibited our superantigen assay (Fig. 5, 
lane 8). Levels of inhibition correlated perfectly with the 
expression of MHC II genes and the inhibition of the DRA 
promoter (Fig. 2). Similar results were obtained when a 
plasmid target containing the NF-kB binding sites linked to 
luciferase was used (data not presented). Thus, EdCIITA 
blocks the expression and function of MHC II determinants. 

Unlike CIITA, EdCIITA is localized in the cytoplasm 
It is thought that the dominant-negative CIITA proteins, such 
as dCIITA, compete with CIITA for the binding to MHC II 
promoters in the nucleus of cells. To check the validity of this 
model, we examined the distribution of EdCIITA in COS cells. 
As presented in Fig. 6(A), ECIITA was found in the nucleus. 
In sharp contrast, EdCIITA was localized in the cytoplasm 
(Fig. 6B). EGFP alone was distributed throughout the cell 
(Fig. 6C). This result suggests that EdCIITA acts indirectly to 
block the function of CIITA. One possibility is that it sequesters 
a co-factor of CIITA in the cytoplasm. 



Although mutant CIITA proteins lacking the C-terminal NLS 
and bearing mutations in GTP-binding domains are found in 
the cytoplasm, EdCIITA still contains both sequences. EdCIITA 
lacks only the putative N-terminal NLS (Fig. 1 j. Thus, EdCIITA 
should still enter the nucleus. Additionally, CIITA contains 
many leucines, especially near its C-terminus, some of which 
are spaced in a manner reminiscent of nuclear export signals 
(NES). Thus, it is possible that EdCIITA enters the nucleus 
but is rapidly exported to the cytoplasm. In the steady state, 
EdCIITA would then appear cytoplasmic. To examine directly 
whether these shuttling mechanisms in EdCIITA functioned, 
we co-expressed the dominant-negative nucleoporin AC AN, 
which blocks the function of NES (26). Indeed, when EdCIITA 
was co-expressed with ACAN, EdCIITA was localized in the 
nucleus (Fig. 6E). On the other hand, ECIITA and EGFP 
retained their previous subcellular distribution (Fig. 6D and 
F). We conclude that CIITA is a shuttling protein, that it 
contains functional NLS and NES, and that EdCIITA most 
likely competes for the binding to MHC II promoters in the 
nucleus as well as sequesters a co-factor of CIITA in the 
cytoplasm. 

DNp300, DNCDK9 and Tat also inhibit CIITA and act syner- 
gistically with EdCIITA 

Previously, we demonstrated that CIITA binds to CBP and 
cyclin T1 from P-TEFb to affect the chromatin conformation 
and elongation of transcription of MHC II genes. Dominant- 
negative forms of CBP or p300 (DNp300, Fig. 1) and CDK9 
from P-TEFb (kinase dead CDK9, CDK9N167N, DNCDK, Fig. 
1) could inhibit MHC II transcription. Since Tat, which is an 
essential transactivator of viral replication, bound to the same 
surface on cyclin T1 and blocked effects of CIITA, HIV-1 
inhibits efficiently antigen processing and presentation by 
MHC II determinants. DNp300 and DNCDK9 are nuclear 
proteins that act at a post-assembly step, when DNA-bound 
proteins have already recruited CIITA. Thus, they should block 
the activity of the residual CIITA in B cells and antigen- 
presenting cells, and act synergistically with each other 
and EdCIITA. 

Indeed, Tat and both dominant-negative proteins potenti- 
ated effects of EdCIITA in COS cells. Tat, DNp300 and 
DNCDK9 alone inhibited CIITA function on the DRA promoter 
(Fig. 7A, lanes 4, 6 and 8). They acted synergistically with 
small amounts of EdCIITA (Fig. 7A, lanes 5, 7 and 9). 
Moreover, the combination of EdCIITA, DNp300 and DNCDK9 
extinguished the expression from the DRA promoter to back- 
ground levels (Fig. 7B, lane 4). All dominant proteins were 
expressed to equivalent levels in these cells (data not pre- 
sented). We conclude that EdCIITA, DNp300 and DNCDK9 
act at different steps of MHC II transcription and thus syner- 
gistically to block the function of CIITA. 

Discussion 

In this study we demonstrated that EdCIITA inhibits efficiently 
the function of CIITA. EdCIITA diminished the expression of 
MHC II genes in HeLa cells, which were treated with IFN-y, 
and in B lymphoblastoid RM3 cells. EdCIITA also inhibited 
T cell activation by superantigen. Surprisingly, at steady state, 
whereas CIITA was localized in the nucleus, EdCIITA was 
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Fig. 6. At steady state, EdCIITA is found in the cytoplasm, but ACAN alters its localization to the nucleus. ECIITA, EdCIITA and EGFP were 
expressed with or without ACAN in COS cells. The expression of each protein was observed by fluorescence microscope 48 h after the 
transfection. (A-C) The expression of ECIITA, EdCIITA and EGFP respectively; (D-F) contain additionally ACAN but are otherwise the same 
as (A-C). Scale bar represents 50 urn in (A). 
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Fig. 7. Combinations of EdCIITA, DNp300 and DNCDK9 inhibit DRA promoter synergistically. (A) EdCIITA acts synergistically with Tat, DNp300 
and DNCDK9 to inhibit the expression of MHC II genes. Combinations of the expression of each dominant-negative protein with EdCIITA are 
represented in the upper column. Values represent the amount of DNA (ng) in each transfection. Bar graphs represent the following: empty 
bar is the control (lane 1), black bar contains CIITA alone (lane 2) and gray bar represents EdCIITA alone (lane 3). The repression by each 
effector (lanes 4, 6 and 8) and that by combinations of EdCIITA with each effector (lanes 5, 7 and 9) are presented. (B) Together, all three 
dominant-negative proteins extinguish the expression of MHC II genes. Empty, black and gray bars represent the same combinations as in 
(A) (lanes 1-3). The combination of EdCIITA, DNCDK9 and DNp300 is presented in lane 4. Error bars give SEM. 



found in the cytoplasm. However, EdCIITA is a shuttling 
protein. ACAN blocked the export of EdCIITA from the nucleus, 
which suggested that EdCIITA sequesters some co-factor of 
CIITA in the cytoplasm. DNp300, DNCDK9 or Tat inhibited 
the remaining CIITA in the nucleus. Since EdCIITA, DNp300, 
DNCDK9 or Tat affect different steps in the transcription of 
MHC II genes, they acted synergistically. We conclude that 
combinatorial approaches might offer the best hope of extin- 
guishing the expression of MHC II genes in cells and in the 
organism. 

This study used the most recent advances in our under- 
standing of steps in the assembly and function of regulatory 
proteins on MHC II promoters. CREB, and subunits of NF-Y 



and RFX bind to DNA and to CIITA. However, this recruitment 
requires an additional protein of 33 kDa, which binds to the 
leucine-rich repeats in CIITA and possibly other co-factors. 
These other cellular proteins might explain the dichotomy 
between binding studies of individual components (CREB, 
CIITA, NF-Y and RFX) in cells and the inability of CIITA alone 
to bind to these proteins in EMSA. Additionally, CIITA binds 
to general transcription factors and CBP to initiate MHC II 
transcription. CIITA also binds to P-TEFb, which phosphoryl- 
ates the C-terminal domain of RNA polymerase II to elongate 
MHC II transcription. Our dominant-negative strategies 
attacked these different steps. 
First, EdCIITA linked dCIITA to EGFP. The latter addition 
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Fig. 8. Model for the blocking of CIITA function by EdCIITA. CIITA 
orchestrates the transcription of MHC II, li and DM genes. It recruits 
general transcriptional factors, chromatin remodeling machinery and 
P-TEFb to these promoters. EdCIITA lacks the activation domain of 
CIITA (positions 1-301) and is found in cytoplasm. Its localization is 
altered when ACAN inhibits the export of EdCIITA from the nucleus, 
so that although EdCIITA transits the nucleus, it is exported efficiently 
into the cytoplasm. At steady state, most of EdCIITA is in the 
cytoplasm. Therefore, EdCIITA most likely sequesters a co-factor of 
CIITA (X) in the cytoplasm. Other dominant-negative proteins (DNp300 
and DNCDK9) then block the activity of the residual endogenous 
CIITA in the nucleus. Different protein targets and this sequestration 
of EdCIIITA would explain synergistic effects of these dominant- 
negative proteins. 



and DNCDK9 functioned synergistically with EdCIITA to extin- 
guish the expression of MHC II genes. As expected, these 
proteins had to be added separately. A chimera between 
EdCIITA and DNp300, DNCDK9 or Tat alone or in combination 
functioned no better than EdCIITA alone. EdCIITA in the 
cytoplasm and DNp300 or DNCDK9 in the nucleus would 
then target most efficiently different cellular partners of CIITA. 
At these lower concentrations of separate components, we 
would also expect fewer deleterious effects on the transcrip- 
tion of other cellular genes. 

The model that emerges from this study is presented in 
Fig. 8. Since effects of CBP and P-TEFb in MHC II transcription 
had already been diagrammed, only the sequestration of a 
critical co-factor for CIITA is depicted. In this scenario, CIITA 
is a shuttling protein that resides mostly in the nucleus. What 
circumstance would require its rapid removal from the nucleus 
via the NES is speculative, but could include aspects of 
innate immunity, sepsis or toxic shock. With the removal of 
the N-terminal activation domain and the addition of EGFP, 
EdCIITA is now a predominantly cytoplasmic protein. How- 
ever, it transits the nucleus, where it could also compete for 
the binding to MHC II promoters and remove a critical co- 
factor from CIITA (protein X). This event might not only inhibit 
productive interactions between CIITA and MHC II promoters 
but also affect the communication between CIITA and the 
general transcriptional machinery. Further details of this 
mechanism require the isolation and characterization of this 
co-factor(s). Additionally, strategies of delivering two to three 
separate dominant-negative proteins efficiently and reprodu- 
cibly into cells need to be addressed. 
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facilitated expression and localization studies of this chimera. 
Surprisingly, EdCIITA worked better than dCIITA and was 
found in the cytoplasm. dCIITA is a nuclear protein and is 
present on MHC II promoters in chromatin immunoprecipi- 
tations (10). Since it also transits the nucleus, EdCIITA most 
likely competes with the wild-type protein for the binding to 
MHC II promoters as well as sequesters a co-factor of CIITA 
in the cytoplasm. It is possible that the absence of the 
N-terminal bipartite NLS leaves an unbalanced NES, thereby 
favoring export of EdCIITA. Alternatively, EGFP itself could 
favor the cytoplasmic localization, directly or via a conforma- 
tional change in the fusion protein. Indeed, several other 
mutations in CIITA, which preserve the N-terminal and 
C-terminal NLS, keep the mutant protein in the cytoplasm. 
Importantly, the N-terminal NLS and none of the putative NES 
have been examined directly for their function. 

Second, despite its competition with EdCIITA, the endogen- 
ous CIITA can still exert some effects. To this end, we also 
blocked the ability of CIITA to attract CBP, which remodels 
chromatin, and of P-TEFb to phosphorylate the C-terminal 
domain of RNA polymerase II. Indeed, the addition of DNp300 
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Genetic susceptibility to rheumatoid arthritis (RA) is associated 
with certain MHC class II molecules. To clarify the role of these 
determinants in RA, we generated the D1CC transgenic mouse that 
expressed genes involved in antigen processing and presentation 
by the MHC class II pathway in joints. The class II transactivator, 
which was transcribed from the rat collagen type II promoter and 
enhancer, directed the expression of these genes. In D1CC mice 
congenic for the H-2* (DBA/1) background, small amounts of 
bovine collagen type II in adjuvant induced reproducibly an in- 
flammatory arthritis resembling RA. Importantly, these stimuli had 
no effect in DBA/1 mice. Eighty-nine percent of D1CC mice devel- 
oped chronic disease with joint swelling, redness, and heat in 
association with synovial proliferation as well as pannus formation 
and mononuclear infiltration of synovial membranes. Granuloma- 
tous lesions resembling rheumatoid nodules and interstitial pneu- 
monitis also were observed. As in patients with RA, anticyclic 
citrullinated peptide antibodies were detected during the inflam- 
matory stage. Finally, joints in D1CC mice displayed juxtaarticular 
demineralization, severe joint space narrowing, and erosions, 
which led to ankylosis, but without the appearance of osteo- 
phytes. Thus, aberrant expression of MHC class II in joints facilitates 
the development of severe erosive inflammatory polyarthritis, 
which is very similar to RA. 

autoimmunity | class II transactivator | transgenic mouse | 
nodules j pneumonitis 

Rheumatoid arthritis (RA) is a chronic inflammatory disease 
with symmetrica] inflammatory and erosive polyarthritis of 
synovial joints and a variety of extraarticular manifestations. 
Particular MHC class II alleles such as DRB0401, DRB0404, and 
DQ8 are linked to RA in 30-50% of cases (1-3). To examine 
possible mechanisms of RA, many models of inflammatory 
arthritis have been developed in the mouse and rat (4, 5). Among 
these models, collagen-induced arthritis (CIA) leads to acute 
inflammation, osteophytosis, and destruction of bone in DBA/1 
and B10.Q (H2^) strains of mice (6, 7). In these mice, passively 
transferred autoantibodies against CII, or the injection of a 
combination of certain monoclonal anti-CII antibodies, also 
induce rapid inflammation of joints (8, 9). A recently discovered 
model, the SKG mouse, contains mutations in the £ chain- 
associated protein of 70 kDa (ZAP-70) that is involved in the 
signaling from the T cell antigen receptor (10). In these mice, 
infection with fungi or immunization with zymosan can induce 
a chronic inflammatory arthritis (11). In K/BxN mice, chronic 
arthritis develops spontaneously because anti-G6PI antibodies 
accumulate in serum and joints, leading to inflammatory arthri- 
tis and bone destruction (12, 13). In all these mice and several 
other models, the onset and progression of inflammatory ar- 
thritis have been well characterized and analyzed. However, how 



faithfully these small animal models resemble R A and what roles 
MHC class II play in their disease have remained elusive. 

MHC class II, DM, and invariant chain (Ii) genes are all 
regulated at the transcriptional level by the class II transactivator 
(CIITA) (14). These genes share cis-acting sequences (S, X, and 
Y boxes) in their promoters and enhancers that bind regulatory 
factor X (RFX) and nuclear factor (NF-Y) that, in turn recruit 
CIITA (15, 16). CIITA then binds many coactivators that 
increase rates of initiation and elongation of MHC class II, DM, 
and Ii genes, RFX and NF-Y are expressed ubiquitously. In 
sharp contrast, the expression of CIITA is restricted to antigen- 
presenting cells and mature B cells (17). Thus, CIITA is the 
master transcriptional integrator that leads to the expression of 
genes required for antigen processing and presentation by the 
MHC class II pathway. Interestingly, the cytokine IFN-y induces 
the synthesis of CIITA and, thereby, of MHC class II in many 
somatic cells, which transforms them to "professional" antigen- 
presenting cells at sites of inflammation (18). 

To determine whether the aberrant expression of MHC class II 
in joints can lead to or potentiate inflammatory arthritis in mice, we 
linked the human CIITA gene to the rat CII promoter and enhancer 
(19). This plasmid construction then was used to create transgenic 
DBA/1, CII promoter/enhancer-driven CIITA (DlCC) mice, 
which were analyzed further. 

Results 

DlCC Mice Express MHC Class II in Joints and Are Highly Susceptible 
to Immunization with Low Doses of Bovine CII (bCII). DlCC mice 
express CIITA and MHC class II in joints (Fig. 6, which is 
published as supporting information on the PNAS web site). 
Although spontaneous swelling and redness would occur in 
isolated joints of most mice, DlCC mice did not develop chronic 
symmetrical polyarthritis. Similar to SKG and DBA/1 mice 
(CIA model), the DlCC mice required a trigger to develop 
inflammatory arthritis. However, because of the aberrant ex- 
pression of MHC class II in joints, we expected the DlCC mice 
to be more responsive to the immunization with bCII than 
parental DBA/1 mice. Thus, we tested progressively lower doses 
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of bovine CII (loCII) in D1CC mice. We used the clinical score 
in Table 1, which is published as supporting information on the 
PNAS web site, to monitor the development of inflammatory 
arthritis (6). Indeed, the D1CC mice developed severe CIA after 
immunization with 5-10 of bCII (loCII-DlCC), a dose that 
never elicited detectable disease in DBA/1 mice (loCII-DBA/1 ; 
Fig. \A). Thus, the conventional DBA/1 control mice required 
20- to 40-fold higher amounts of bCII [200 /ig of bCII, high-dose 
bCII (hiCII)] for the induction of CIA (hiCII-DBA/1, Fig. I A). 

The incidence of disease between sexes was not statistically 
different (data not presented). Moreover, in loCII-DlCC mice, 
the peak clinical score of inflammatory arthritis was the same as 
in hiCII-DBA/1 mice. However, the inflammatory period lasted 
34.3 ± 3.7 days in loCII-DlCC mice versus 15.9 ± 2.7 days in 
hiCII-DBA/1 mice (Fig. IA). Thus, the duration of inflamma- 
tion was twice as long in loCII-DICC mice. The Mann-Whitney 
U test was used to confirm the significance of this difference (P < 
0.01). In addition, the disease incidence was increased from 
57.1% in hiCII-DBA/1 mice to 89% in loCII-DlCC or hiCII- 
D1CC mice (Table 2, which is published as supporting informa- 
tion on the PNAS web site). Whereas redness and swelling were 
severe in loCII-DlCC mice, no obvious clinical symptoms were 
observed in loCII-DBA/1 mice (Fig. 1 B-E). We also examined 
temperatures at various limbs by thermography. Temperatures 
averaged <*25°C in loCII-DBA/1 mice and increased up to 28°C 
in loCII-DlCC mice (Fig. 1 F and G and thermographs below). 
Taken together, D1CC mice developed chronic inflammatory 
arthritis with redness, swelling, and fever at the joint after 
immunization with minimal amounts of bCII. This finding 
indicates that the aberrant expression of MHC class II in synovial 
joints facilitates the development of chronic inflammatory ar- 
thritis in the D1CC mouse. 

Histological Features of Articular Inflammation in loCII-DICC Mice. 

We also examined the progression of disease by histology. At 1 
week after the second immunization, there was no inflammation 
in loCII-DBA/1 mice (Fig. 2 A and D and data not shown). At 
8 weeks, infiltration of inflammatory cells, proliferation of 
synoviocytes with pannus formation, and erosion of bone were 
observed exclusively in loCII-DICC, but not loCII-DBA/1 mice 
(Fig. 2 B and E). In the loCII-DICC mice, the number of 
infiltrating cells declined dramatically at 15 weeks (Fig. 2C). 
However, an abundance of granulocytes (Fig. 2C) and mast cells 
(Fig. 7, which is published as supporting information on the 
PNAS web site) had migrated into the pannus at that point, and 
although the subchondral articular cartilage was severely dis- 
rupted at this stage, no subluxation and/or ankylosis was de- 
tected until much later. We also found granulomatous lesions 
resembling rheumatoid nodules in loCII-DICC but not in loCII- 
DBA/1 mice (Fig. 2 G and H). 

Interstitial Pneumonitis in loCII-D1CC Mice. We found interstitial 
pneumonitis with fibrosis as an extraarticular manifestation of 
disease only in loCII-DICC but not in hiCII-DBA/1 mice >6 
months after the first immunization (Fig. 3 B and D). There was 
also a sizeable infiltration of mononuclear cells such as neutro- 
phils and macrophages in these pulmonary lesions. However, 
because the mice were kept under specific pathogen-free (SPF) 
conditions and we did not find the deposition of fibrin in D1CC 
or DBA/1 mice, there was no indication that this inflammation 
could be due to infection (Fig. 3 A and C). However, newly 
synthesized elastic fibers were identified in loCII-DICC mice by 
elastica and Kernechtrot staining (Fig. 35). Because interstitial 
pneumonitis has not been described with CIA but can be found 
in severe RA, this feature again documents the similarities in 
inflammatory lesions between loCII-DICC mice and RA in 
humans. 
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Fig. 1. Chronic arthritis in the loCII-D ICC mouse. To compare DKCand DBA/1 
mice receiving loCllorhiCII, clinical pictures of each mouse were monitored twice 
weekly and scored (Table 1). Eight-week-old mice were injected with bCII/ 
complete Freund's adjuvant and boosted with bCII/incomplete Freund's adju- 
vant 3 weeks later (arrows below the graph). (A) loCII-OICC but not loCII-DBA/1 
mice develop polyarthritis, which persists for a longer period. Graphs are as 
follows: Line with filled circles, D1CC mouse injected with loCII (loCII-DICC); bold 
line with filled squares, DBA/1 mice injected with loCII (loCII-DBA/1); dashed line 
with filled triangles: DBA/1 mice injected with hiCII (hiCII-DBA/1). Eighty-nine 
percent of loCII-D1CC but only 57% of hiCtl-DBAI mice developed arthritis. Our 
clinical criteria focused on heat swelling, redness, and functional impairment. 
(8-£) Joints of loCII-DICC mouse are swollen. Although parental DBA/1 mice had 
no phenotype on loCII (D and E, fore limbs and hind limbs, respectively), loCII- 
Dl CC mice developed swollen and red extremities on this regiment (S and C, fore 
limbs and hind limbs, respectively), (f and G) Joints of loCII-DICC mouse are hot. 
Thermographs were performed with joints of loCII-DICC and loCII-DBA/1 mice. 
Whereas the maximum temperature at the foot reached 25*C in average in the 
loCII-DBA/1 mouse (G), it reached 28*C on average in the loCII-DICC mouse at 8 
weeks (F). Arrows in F and G point in the direction of thermographs, from arrow 
point to arrowhead. Numbers below the graph indicate the distance from arrow 
point in millimeters. The thermal scale with corresponding temperatures (*Q is 
presented as colors changing from blue to red to the right of G. 



Bone Destruction and Decreased Mineral Density in loCII-DICC Mice. 

Next, we demonstrated the severity of articular pathology by 
radiography. In loCII-DICC mice, decreased mineral density 
was observed at 18 and 39 weeks after the immunization but not 
at earlier stages of inflammation (Fig. 4 A-D). To substantiate 
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Fig. 2. Histology of the loCII-DKC mouse. (A-Q Histology of joints from the loCII-D1CC mouse. Although no changes are observed 1 week after the boost 04), 
pannus formation over articular cartilage and proliferating synoviocytes (p and s, respectively; B), and thinning of articular cartilage (c; 0 are observed at 8 and 
1 5 weeks after the boost respectively. Bone (b) also is labeled. (D-F) Histology of joints in the loCII-DB A/1 mouse shows no changes at 1 (0), 8 {£), and 1 5 (/0 weeks 
after the boost. (G and H) Nodules are observed in the loCII-DKC mouse. Three weeks after the boost, granulomas (g; G) and nodules (h; H) are observed only 
in the loCII-D1CC mouse. 



further these radiographic findings, we also performed com- 
puted tomographic (CT) scans focused on the large knee joints. 
Bone destruction, joint space narrowing, and erosions were 
observed at the patella, distal femur, proximal tibia, and fibula 
(Fig. 4 E-J; see Movies 1-3, which are published as supporting 
information on the PNAS web site). In addition, relatively 
dark-gray areas that represent decreased mineral densities par- 
alleled the progression of bone erosions. Osteophytes and 
"rebound" new bone formation such as arthrodysplasia were 
found only in hiCII-DBA/1 mice (Fig. 4 / and / and Movies 1-3) 
(7). To confirm the osteoporosis at the knee joint, the bone 
mineral density of cancellous bone in each mouse was calculated 
from CT scan data. The bone mineral density declined imme- 
diately after immunization in hiCII-DBA/1 mice (Fig. AK). It 
decreased by ~10% and then recovered at 3 months. In contrast, 
it decreased by 25% at 3 months and lasted at least 6 months in 
loCII-DICC mice. At the terminal stage of chronic inflamma- 
tory arthritis, severe ankylosis also was observed at the proximal 
interphalangeal and metacarpophalangeal joints in loCII-DICC 
mice (Fig. 5 A and B). Even though they were observed for >1 
year, we did not detect any osteoporosis or bone erosions in 
loCII-DBA/1 mice. Thus, the articular deterioration of the 



loCII-DICC mouse, in contrast to that of CIA, seems to be 
chronic and progressive, similar to the joint destruction seen in 
severe active RA. 

Discussion 

In this report, we present the D1CC small animal model of 
inflammatory arthritis. In these mice, the entire machinery for 
antigen processing and presentation by the MHC class II path- 
way was activated aberrantly via transgenic expression of CIITA. 
First, the D1CC mice containing «10 copies of the CIITA 
transgene expressed easily detectable CIITA transcripts and 
MHC class II in joints (Fig. 6). Second, chronic inflammatory 
arthritis developed in 89% of male and female loCII-DICC mice 
(as contrasted to 57% of CIA in hiCII-DBA/1 mice) after 
immunization with small doses of bCII that had no effect on 
parental DBA/1 mice. Third, not only did this arthritis start 
slower and last longer than CIA in hiCII-DBA/1 mice, but it 
resulted in characteristic articular and extraarticular manifesta- 
tions very closely resembling those of severe RA in humans. In 
loCII-DICC mice, chronic symmetrical polyarthritis eventually 
led to ankylosis and destruction of affected joints. Finally, as in 
RA, D1CC mice developed antibodies to CCP (Table 3, which 
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Fig. 3. Interstitial pneumonitis is observed only in loCII-D1CCmice. Histology 
of lungs 6 months after the boost in loCII-DICCand loCII-DBA/1 mice. Fibrosis, 
infiltrating mononuclear cells (f and im, arrow, respectively; A), and newly 
produced elastic fiber (e, arrow; B) are observed in lungs of the loCll-DICC 
mouse but not in those of the loCII-DBA/1 mouse (C and D). A and C were 
stained with HE. B and D were stained with elastica and kernechtrot stains to 
visualize elastic fibers. 



is published as supporting information on the PNAS web site). 
Importantly, unlike other models of inflammatory arthritis (5), 
we did not introduce any mutations into the mouse. Thus, our 
work returns the emphasis of RA back to the normal and 
aberrant immune responses in the host. We propose that D1CC 
mice may represent an attractive additional animal model for the 
study of RA. 

Histologically, inflammatory infiltrates and proliferating sy- 
noviocytes leading to granulomatous lesions resembling rheu- 
matoid nodules were observed only in loCll-DICC mice. Even 
though the presence of palisading histiocytes surrounding ne- 
crotic nodules could not be ascertained, similar pathology has 
been reported with pristane-induced arthritis, MRL-lpr/lpr, and 
SKG mice but not with CIA in DBA/1 mice (11, 20, 21). In 
contrast to the SKG mice, the D1CC mice had no skin inflam- 
mation. Slowly progressive inflammatory arthritis also led to 
easily identifiable migration of mast cells into the pannus. 
Because these mast cells expressed MHC class II and B7.1, they 
might potentially function as antigen-presenting cells (Fig. 7; 
refs. 22 and 23). 

We also observed interstitial pneumonitis with fibrosis and 
deposition of newly synthesized elastic fibers in the lungs of 
loCll-DICC mice. These lesions lacked fibrin, which can be 
related to infection. Serological analyses revealed the presence 
of anti-CII and CCP antibodies in sera of both loCll-DICC and 
hiCII-DBA/1 mice (Table 3). Notably, the concentration of 
anti-CCP antibodies was significantly higher in loCll-DICC than 
in hiCII-DBA/1 mice, suggesting a more sustained inflamma- 
tory process in joints of loCll-DICC mice. However, attempts to 
measure the concentration of cytokines and anti-CII antibodies 
in the synovial fluid were not successful. Radiographic exami- 
nations and CT scans revealed further similarities between the 
arthritis in the loCll-DICC mouse and RA. These data included 
periarticular osteoporosis, joint space narrowing, and severe 
destruction of bone without osteophytosis, all of which led 
eventually to ankylosis. Although the erosive destruction of bone 
started in the earlier stages of inflammation at 8 weeks, this bone 



erosion could only be detected by histology and not yet radio- 
graphically (Figs. 2B and 4 A-D and K). Recently, similar 
microscopic joint damage was detected by MRI in RA patients 
(24-26). 

In a subgroup of R A patients, MHC class II represent a critical 
genetic risk factor for the susceptibility to the disease (27). 
Moreover, the expression of these HLAs (HLA class II) have 
been detected in chondrocytes of R A patients (28, 29). From our 
study, we hypothesize that the expression of MHC class II on 
target organs can increase their sensitivity to arthritogenic 
stimuli in general. This observation might explain the sponta- 
neous inflammation of individual joints without immunization in 
D1CC mice, some of which persisted for prolonged periods of 
time and could have resulted from local trauma (data not 
presented). Moreover, increased sensitivity also might explain 
the rather severe bone destruction we found in loCll-DICC 
mice. In contrast, acute inflammation induces osteophytosis in 
CIA in DBA/1 mice, where bone resorption is more transient 
and new bone formation is enhanced soon thereafter (7, 30). 
Finally, joints in loCll-DICC but not loCII-DBA/1 progressed 
to ankylosis and severe functional impairment. We found severe 
bone destruction in almost all metacarpophalangeal joint and in 
>60-80% of the proximal interphalangeal joints. These data 
suggest that lower doses of bCII lead to a more chronic arthritis 
in the more susceptible D1CC than DBA/1 mice, which is 
reminiscent of a slow smoldering course of progressive joint 
destruction seen in severe RA (4, 31). 

D1CC mice also provide an excellent breeding partner for 
other models of inflammatory arthritis in the mouse. Because 
the balance between Thl and Th2 was not significantly different 
in D1CC mice, aberrant expression of MHC class II together 
with abnormal selection of T cells such as survival of autoreac- 
tive clones will be investigated further. For example, the hCIITA 
transgene also might influence other types of arthritis in mice 
and possibly render the arthritis in other animal models, such as 
SKG mouse, spontaneous (20, 32, 33). Moreover to create even 
better and more mouse models of RA, D1CC mice may be 
backcrossed with the DRB1*0401 or DRB1*0402, and human 
CD4 double-transgenic mice, which lack I-A/3 _/ ~ on the DBA/1 
background (34, 35). Both DR genes are expressed from the 
mouse I-Ea promoter and enhancer, thus aberrant CIITA 
expression will induce the expression of DR*0401 or 
DRB1*0402 in their chondrocytes (36). DRB1*0401 is not only 
one of the susceptible genes for RA but is also the molecule that 
presents citrullinated arthritogenic antigens. However, 
DRB1*0402 does not present the same peptides. Thus, these DR 
alleles will help us to dissect the contributions between specific 
arthritogenic stimuli and MHC class II from R A patients. Also, 
specific peptides that are presented by aberrantly expressed 
MHC class II in humanized D1CC mice will be used to tolerize 
these mice to these antigens, which then can be evaluated for 
effects of such therapeutic vaccination on their disease. 

Materials and Methods 

CIA. For the induction of CIA, D1CC and DBA/1 mice at 7 to 
9 weeks of age were housed in a pathogen-free animal care 
facility of Nagoya City University Graduate School of Medical 
Sciences in accordance with institutional guidelines. These mice 
were anesthetized with diethyl ether before induction of CIA. At 
that point, they were immunized with bCII (5-10 jig, called loCII 
for D1CC and DBA/1 mice and 200 jig, called hiCII for DBA/1 
mice) (Collagen Research Center, Tokyo, Japan), which was 
emulsified with an equal volume of complete Freund's adjuvant 
(Difco Laboratories, Detroit, MI). Mice were injected intrader- 
mally at the base of the tail, near inguinal and axillary lymph 
nodes on day 0 as the first injection. On day 21, the mice were 
boosted with the bCII in the same manner except that incom- 
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Fig. 4. Joint space narrowing, erosions, and osteoporosis in the loCII-DICC 
mouse. (A-D) Progressive joint damage in the loCII-DICC mouse. Radiographic 
examination reveals the decline of bone mineral density and joint space 
narrowing and erosions in the fore limbs at 0 (A), 9 (B), 1 8 (Q, and 39 (D) weeks 
after the first injection. (E-J) Joint space narrowing, erosions, and osteoporosis 
in the knee of the loCII-DICC mouse 24 weeks after the boost. (£ and F) CT 
scans are presented for the distal femur, the knee joint, the proximal tibia, and 
the fibula. Note the narrowing of the joint space (E, left arrow), erosions, and 
osteoporosis (E and F, right arrows). None of these changes are observed in the 
parental loCII-DBA/1 mouse treated likewise (G and H). In sharp contrast, 
hiCII-DBA/1 mice developed erosions and formed new bone resembling os- 
teophytes 12 weeks after the boost (/ and 7, arrows). (K) Progressive osteopo- 
rosis in the loCII-DICC mouse. Presented is the comparison of decreased 
periarticular bone mineral density over time between IdCII-DICC and hiCII- 
DBA/1 mice. Ten sections of cancellous bone measuring 0.1 mm each were 
analyzed by densitometry of CT scans from both knees in each mouse. Times 
after the boost are presented below the bar graphs. Data are presented as 
percentage of bone mineral density of loCII-DKC (black bars) and hiCII-DB A/1 
(gray bars) compared with the untreated parental DBA/1 mouse (WT was 
given the value of 100%; open bar) over time. Six mice were studied in each 
group. Error bars reflect SEM. All values were calculated by using data from 
three or four mice. Student's t test was performed for each value between 
loCII-DICC and hiCII-DBA/1 mice (*, P < 0.05). 



plete Freund's adjuvant (Difco Laboratories) was used as the 
solvent. 

Evaluation of Joint Arthritis. DBA/1 and D1CC mice were mon- 
itored from the onset of disease to the end of active inflamma- 
tion twice weekly. The clinical severity of arthritis was quantified 
according to this simple scoring system: 0, no clinical symptom; 
1, swelling and redness of one or two joints; 2, moderate swelling 
and redness of more than three joints; 3, severe swelling and 
redness of entire paw (6). All scores were added to the total 
clinical score, which reached the maximum at 12 (four severely 
affected joints, 4 X 3). The onset of arthritis was defined as the 
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Fig. 5, Fore limbs of the loCII-D1CC mouse reveal extensive joint destruction. 
Fifteen months after the boost, fore limbs of loCII-DICC (A) and loCII-DBA/1 
(B) mice were stained with Alizarin and Alcian blue, which stain bone red and 
cartilage blue. Note the complete destruction of all joints (ankylosis, a, arrows) 
and shortening of phalanges in the loCII-D1CC mouse and normal joints in 
loCII-DBA/1 mice. 



number of days between the first immunization with bCII and 
the occurrence of arthritis with a clinical score of >3. The end 
of acute arthritis was noted when the clinical score was reduced 
to 3. Body temperatures were measured at all extremities by 
using the thermograph (Neo Thermo; Nippon Anionics, Tokyo, 
Japan). 

Immunohistochemistry. For immunohistochemical staining, the 
avidin-biotin-peroxidase complex (ABC) method was used 
according to protocols from the manufacturer (Vector Lab- 
oratories, Burlingame, CA) (37). Paraffin sections were rehy- 
drated and washed with tap water for 5 min. The endogenous 
peroxidase activity was inhibited by first incubating samples in 
0.05% of H 2 0 2 solution for 30 min and then washing with PBS 
for 10 min at room temperature. Thin sections were incubated 
with buffer C (1.5% normal serum in PBS) for 60 min, and 
primary antibodies (biotin-conjugated mouse anti-mouse I-A^ 
monoclonal antibody, BD Biosciences, San Jose, CA) were 
diluted to 1:6 with the blocking buffer (supplied by Vector 
Laboratories) for 30 min and washed with PBS for 10 min. All 
incubation steps with antibodies were performed in a humid 
chamber. Signals were detected by using a commercial ABC kit 
and DAB solution (Mouse on Mouse Immunodetection kits 
PK-2200 and SK-4100, respectively; Vector Laboratories). All 
specimens were counterstained with hematoxylin and 
mounted in VectaMount (H-5000; Vector Laboratories). As 
the negative control, isotype-matched antibodies (biotin- 
conjugated mouse IgG 2 b, monoclonal Ig isotype control; BD 
Biosciences Pharmingen) were used. 

Radiographic Technique. The computed radiographs (CR) were 
obtained by using the CR console (FCR5000plus; Fujifilm, 
Tokyo, Japan) and the high-resolution CR cassette (Fujifilm). 
The source of x-rays was a conventional radiographic unit and 
exposure factors were 50 kV, 50 mA, and 40 ms (Shimadzu, 
Kyoto, Japan). 

Bone Mineral Density and CT. We used peripheral quantitative 
computed tomography with a fixed x-ray fan beam of 10-mm spot 
size, at 1 mA and 50kVp (LaTheta LCT-100S; Aloka, Tokyo, 
Japan). Eighty slices (480 X 480-pixel matrix per slice, 0.1 mm 
thickness, a voxel size of 65 X 65 X 65 /xm 3 ) covered the entire 
knee joint and recreated the 3D CT picture of the joint by using 
the VGStudio MAX1.2 software (Nihon Visual Science, Tokyo, 
Japan). To measure the mineral density of bones at the joint 
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from each mouse, data were recalculated from the distal femur 
and the proximal tibia, both adjoining the articular cartilage. 

Histochemical Staining. For H&E staining, paraffin sections were 
rehydrated and immersed first into the Mayer's hematoxylin 
solution (Muto Pure Chemicals Co., Ltd., Tokyo, Japan) for 5 
min and then into the eosin solution (Muto Pure Chemicals 
Co., Ltd.) for 2 min. For elastical and kernechtrot staining, 
paraffin sections also were rehydrated. After washing with 1% 
of hydrochloric acid and 70% ethanol for 5 min, sections were 
incubated with resorcin fuchsin solution (Muto Pure Chemi- 
cals Co., Ltd.) for 60 min, washed with ethanol, and counter- 
stained with Kernechtrot stain solution (Muto Pure Chemicals 
Co., Ltd.) for 2 min. For toluidine blue staining, sections were 
rehydrated and washed with tap water for 5 min and incubated 
with 0.05% of toluidine blue O solution (Waldeck, Muenster, 
Germany) for 10 min. All sections were dehydrated with 
ethanol and mounted in VectaMount. To count the number of 
infiltrated mast cells in the joint, the five most-visible areas of 
mast cells were selected in toluidine blue stained histological 
slides. The number of mast cells then were counted in all 
extremities in D1CC and DBA/1 mice and visualized in a bar 
graph. For cartilage and bone staining, specimens were im- 
mersed in 95% of ethanol for >5 days and in acetone for 
another 2 days. Skin, muscle, and fat were removed carefully 
and stained with Alcian blue (0.3% of Alcian blue 8GX; 



Sigma-Aldrich, St. Louis, MO) and Alizarin red (0.1% Aliza- 
rin sodium monosulfonate; Sigma-Aldrich) for 3 days. Finally, 
specimens were immersed in the 1% KOH solution and 
glycerol for 2 days. 

Statistical Analyses. All measurements were performed in dupli- 
cate, and all experiments were repeated at least three times. All 
error bars give SEM. Mann-Whitney U test was used for the 
statistical analysis of disease-related parameters between control 
and arthritic mice. The histomorphometric data and the serum 
titers of anti-CN antibodies between the control and the arthritic 
mice were compared by Student's t test. Values of P < 0.05 were 
considered to be statistically significant. 

Supporting Information. Additional data can be found in Support- 
ing Materials and Methods, which is published as supporting 
information on the PNAS web site. 
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